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Abstract
Over the past decades, the development of light emitting diodes (LEDs) to produce a wide
range of wavelengths has revolutionized the solid-state lighting industry due to their higher energy
efficiency and operational lifetimes. These LEDs employ rare earth (RE) doped phosphors due to
their stable emission wavelengths which can be amplified when sensitized by other RE dopants
(Yb, Ce) or shell layer passivation. However, there has been a push to replace the RE elements in
LEDs due to increased socioeconomic issues. One proposed alternative, transition metal (TM)
dopants, is typically avoided due to their susceptibility to the local crystal environment resulting
in a wide range of colors based on the host materials. Therefore, this work aims to control the
optical and electronic properties of TM doped hosts in a reversible, but stable manner for their
deployment in steady luminescent and magnetic applications. Further, the adaptive optical
absorption of TM ions is utilized to sensitize the RE emission in a core-shell architecture to obtain
dynamic luminescence for solid-state lighting applications.
Owing to their multifunctionality, chemical stability, and strong optical responses,
TiO2:Ni2+ thin films were chosen as the prototypical system for TM doped hosts. The surface of
these films was functionalized with surface dipoles to engineer the interfacial energetics. Since
these dipoles primarily act at the surface, surface-sensitive X-ray and UV spectroscopic techniques
were employed to probe the changes in the electronic and geometric structure of the inorganic
film. Additionally, these results were corroborated with first-principles simulations to elucidate
the dipole-dopant interactions and deduce a quantitative relationship between the dipole moment
and the change in the optoelectronic properties of TiO2:Ni2+. As a proof-of-concept, the
photoluminescence spectra of the RE doped core (NaYF4:Er3+) with TM doped shell layer
(TiO2:Ni2+) showed an enhancement in the emission intensity of the Er3+, suggesting energy

x

transfer between the Er3+-Ni2+ ions. Further, surface functionalization of these core-shell
nanoparticles demonstrated adaptive absorption of Ni2+, indicating potentiality for dynamic
luminescence. Ultimately, these tunable luminescent nanophosphors will align with the interests
of Department of Energy in reducing the RE dependence in clean energy technologies, especially
LED lighting.

xi

Chapter 1. Introduction
1.1. Research Objective
The purpose of this research is to develop novel transition metal (TM)-based materials for adaptive
luminescent applications by energy coupling the susceptible transition metal dopants with steady
rare earth (RE) dopants. The objective of the research includes:
•

Develop TM doped metal-oxide nanostructures with spatial control over the dopant
position and modify the optoelectronic properties via interfacial engineering with
molecular dipoles.

•

Investigate the optical, electronic, and structural properties of the surface modified TM
doped metal-oxide nanostructures using various characterization methods and
underpin the results from first-principles simulations.

•

Demonstrate the tuning of photophysical properties of TM doped hosts by controlling
the dopant position in the host and by varying the dipole moment of the surface ligand
bonded to the hosts. This ability to obtain adaptive optical properties from TM doped
hosts will be first step towards tuning the luminescence of the RE doped core-TM
doped shell phosphor.

While these materials have direct implications in light-emitting diodes (LEDs), flexible
displays, and biosensors, they also contribute to the on-going efforts of Department of Energy
(DOE) in reducing RE dependence in solid-state lighting applications.
1.2. Motivation
Energy storage and conservation are major research focuses of 21st century (Thomas,
Jackman et al. 2014, Danielson 2016, Gayral 2017) due to the rapid depletion of fossil fuels
(Nehring 2009). With the ever-growing demands of the population, the world’s energy landscape
1

is undergoing a dramatic transformation, leading towards clean technology revolution to sustain
the global energy balance (Boyle 2004). Further, this is stimulated by the well-designed federal
and state incentives and investments in research and development that are geared towards modern
clean energy technologies based on the renewable sources of energy (Levi Tilleman 2013). These
clean energy industries are providing real-world solutions for reducing harmful carbon emissions
and climate changes and thereby, improving the health, environment, and economy (1997). In the
last five years, these technologies have achieved dramatic reductions in cost, accompanied by a
surge in consumer, industrial, and commercial deployment (Kamat 2007). More importantly, it is
estimated that the implementation of clean energy technologies in all the residential and
commercial sectors resulted in a savings of $80 billion in the national energy bill during 2015
(2017).
Four key clean technologies that constitute a major share in the market are electric vehicles,
polysilicon photovoltaic modules, onshore wind power, and LED lighting (Schot, Hoogma et al.
1994, Martin, Worrell et al. 2000, Winward, Avery et al. 2008). Among them, LED lighting is one
of the leading clean energy technologies with a market share of 95% in the U.S. energy
consumption (Figure 1.1(a)). This extensive expansion of LED market is especially because of the
low installation cost (Blanken, Cuaresma et al. 2013), high-energy efficiency (Gayral 2017), and
longer operational lifetimes compared to traditional incandescent bulbs. Furthermore, it is
projected that these LEDs will result in a savings of 550 TWh of electricity, which is equivalent
to $66 billion by 2030 (Figure 1.1(b)) (Jeff Tsao 2019). These large savings in the energy
consumption are due to the fact that LEDs require only one fifth of the electricity, and last 25 times
longer than regular incandescent bulb (Wang, Wheeler et al. 2008). Current LED technologies
typically use a single semiconductor chip coated with a phosphor material such as quantum dots
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(QDs), organic luminophores or rare earth (RE) doped compounds (Taguchi 2008). Although these
phosphors have comparable quantum efficiencies, the RE-based phosphors are extensively
employed due to their non-toxic nature, longer lifetimes, and sharp emissions (Bedekar, Dutta et
al. 2009). Despite the sharp emission and long luminescence lifetimes of RE elements in LED
phosphors, their application is limited as they have been classified as critical materials by the DOE
and Department of Defense (DOD) due to the socioeconomic factors surrounding their extraction
and supply (Bauer 2010).
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Figure 1.1. (a) Market share of different clean energy technologies and (b) projected electricity
consumption of LED lighting in various sectors.

The expansion of LEDs in the illumination market, along with other RE-phosphor based
technologies such as lasers, optical fibers, plasma televisions, prescription eyeglasses, and
microscopes, has created an inflationary environment in the RE metals (Ronda, Jüstel et al. 1998).
More specifically, the RE elements that are used in LEDs have experienced an increase of 5002000% in the prices of their oxides (Charalampides, Vatalis et al. 2015) due to the rapid growth of
LED market. Although these RE elements possess unique optical properties suitable for steady
3

luminescence in LEDs, their mining involves several environmental and economic challenges,
leading to the RE markets being dominated by isolated sectors, such as China (Kynicky, Smith et
al. 2012). The first challenge with producing RE elements is that they are rarely found in
concentrated lumps. Since these are chemically sociable elements, extracting RE elements from
common earth becomes very difficult, making it an unfavorable economic process (Survey 2005).
Second, the similarity of both the physical and chemical properties of the RE elements due to the
inner shell (4f) valence electrons makes the separation process challenging (Survey 2011),
involving hazardous chemicals which impact the surrounding environment (Haley 1965, Jinxia,
Mei et al. 2010) and human labor (Wei, Li et al. 2013). In the 1960s, the U.S emerged as the
frontrunner in the RE elements production following the discovery that europium, could enhance
the red color in television sets, and held on to that position till the 1980s (Levine 1964). However,
introducing environment friendly technology for RE extraction made the production process
economically unviable for U.S. In this regard, China took the decision to make REs a strategic
commodity in 1980s. Due to the country’s low labor costs and lax environmental regulations, it
soon became a market leader, producing around 80% of the global supply (Table 1.1) (Wübbeke
2013). Moreover, in China, the RE elements are mostly located in clay deposits which makes it
easier to extract. Nonetheless, China began restricting the export of RE elements in 2006 (Ferris
2015), because of the domestic market purposes which drove all the clean technology firms to
begin to cut down the use of RE metals in their products. Few global companies have tried to
compete in this field and failed due to the insufficient capital from the lower prices in the China
dominated market (Jha 2014). Therefore, in order to sustain the energy-efficient LED lighting, it
is vital to design RE-free phosphors or reduce the RE-dependence in luminescent applications.

4

Table 1.1. Summary for RE global production and reserves (Zhou, Li et al. 2017).
Country
China
Australia
Russia
India
United States
Others

Production (%)
84
11
2
1
2

Reserves (%)
36
3
15
6
1
39

1.3. Role of RE-based Phosphors in LED Lighting
According to the international agencies, lighting accounts for 19 percent of the global
electricity and 25-30% of home energy consumption (Nadel, Atkinson et al. 1993). Therefore,
energy efficient lighting sources that have high color rendering index (CRI) are required to reduce
the electricity demand. The CRI is a quantitative measure of the ability of a light source to correctly
illuminate colors of various objects faithfully in comparison with an ideal or natural light source
such as sun light (Nizamoglu, Zengin et al. 2008). Traditional incandescent lamps act as blackbody
radiators and they generate visible light by heating a wire filament to a temperature. Although they
are inexpensive to manufacture with high color rendering index (CRI~95), they are highly
inefficient (η ~ 5%) (Pazula, Janos et al. 2010) as most of the electricity is lost as heat. Next,
compact fluorescent lamps (CFL) generate visible light by using electricity to excite mercury vapor
inside a tube, causing it to emit ultraviolet light, which excites a RE phosphor coating the inside
of the tube (Johnson, Manchester et al. 2008). While these fluorescent lamps are costly to
manufacture and difficult to dispose due to toxic mercury, they are more energy-efficient and last
longer resulting in a more cost-effective lifecycle (Bouwknegt 1982). However, they require large
quantities of RE-based phosphors resulting in manufacturing issues with the manipulation of RE
5

supplies in 2010-2011 (Nuzum-Keim and Sontheimer 2009). On the other hand, LEDs produce
visible light using the electroluminescence of a compound semiconductor crystalline material
coated with a phosphor (Narendran, Gu et al. 2004). This process is more energy efficient than
either incandescence or fluorescence as there is no energy loss in the form of heat. The quantum
dot LEDs are based on the emissions of quantum dot semiconductor nanocrystals, which emit
photons (light) when excited (Stouwdam and Janssen 2008). By varying the material, size, and
shape of each quantum dot, different wavelengths (colors) of light are emitted. Although these
QLEDS have the potential of solving color consistency and quality issues, their commercial
application is limited due to the surface recombination traps and toxicity of the elements such as
Cd, Se, etc. (Shirasaki, Supran et al. 2013). On the other hand, organic LEDs (OLEDs) which
produce visible light upon application of a bias over thin organic materials layered between two
electrodes have lifetime issues due to the degradation of the organic material (Misra, Kumar et al.
2006). In this regard, inorganic RE-phosphor-based LEDs have surpassed these conventional
lighting technologies in terms of color quality, efficacy, miniaturization, lifetime, and costeffectiveness, making them suitable for both indoor and outdoor lighting (Brodrick 2014).
Currently, the Global LED lighting market is valued at $51.79 billion in 2018 and is expected to
reach $112.15 billion by 2024 (Mills 2002). Moreover, by transitioning to energy-efficient LEDs,
an estimated savings of $18 billion in electricity costs coupled with suppression of more than 160
million tons CO2 per year can be obtained (Mills 2002, Levi Tilleman 2013). The lifetimes and
efficiencies of various types of lighting sources are tabulated in Table 1.2 (Pimputkar, Speck et al.
2009).
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Table 1.2 Different types of lighting sources with their efficiencies and lifetimes (Lim, Kang et
al. 2013)
Lighting
Source

Energy
Lifetime (h)
Efficiency (η)

Incandescent

5%

750

Halogen Lamp

20%

1000

CFL
LED

50%
80%

10000
20000

The inorganic RE-based phosphor materials employed in LED devices are expected to
possess two important characteristic properties. First, the synthesis and doping of the host crystal
should be relatively simple as the luminescence of the RE-based phosphor arises from the RE ion
doped in the host material (Pust, Weiler et al. 2014). Second, the host material has to be relatively
inert in order to prevent the luminescence degradation over time for longer operational lifetime of
the device (Marshall, Pashley et al. 2004). In view of these reasons, RE-doped oxide or fluoride
host materials are typically chosen as LED phosphors as they are stable under ambient conditions
and allow for homogeneous RE-ion incorporation in the host matrix. In a RE atom, the inner 4f
shell is progressively filled and shielded from the environment by the filled 5s, 5p, 6s shells. The
uniquely stable optoelectronic properties of the RE elements stem from their intra-atomic 4f orbital
transitions (Liu and Jacquier 2006) and is the primary reason for their deployment in LEDs, lasers,
and electronic videos displays (Kenyon 2002). Further, a combination of these RE ions can be
employed for a range of emission wavelengths, especially for white light emission (Mills 2005).
For example, the blue, green, yellow, orange, and red emissions of Tb3+, Eu3+, and Dy3+ are
combined in YBO3 host material for white light when excited at 365 nm ultraviolet (UV) light
(Das, Marathe et al. 2016). In its pure state, the RE atoms have no emission spectrum due to the
7

parity selection rules, or Laporte rules, prohibiting electron transitions between energy levels.
Upon incorporation into a host matrix, the RE atoms become ionized, causing the 4f energy levels
to split in multiple levels within the same energy level, known as Stark splitting (Wisser, Chea et
al. 2015). As the Stark splitting becomes more dominate, the degeneracy of the energy levels
decreases, lowering the total energy of the system and introducing new terms into the total angular
momentum of the energy levels, and prohibiting the parity selection rules. Figure 1.2 shows the
split 4f energy levels for the 13 RE elements in their trivalent state (Åberg 2004) and the
highlighted transitions of the RE elements are composed of sharp lines (Masenelli, Ledoux et al.
2012), which constitute the steady luminescent characteristics of RE ions. For instance, the Eu3+
5

D0 → 7F2 emission occurs at 611 nm in Na3Lu1-xEuxSi3O9 host (Zhou, Xie et al. 2018) and at 617

nm in NaYF4 host (Vaithiyanathan, R. Bajgiran et al. 2019) due to the slight difference in the
crystal field splitting energy of the hosts.
1

S0

5/2

1

S

3/2
7/2
1/2
6
D9/2

2

F3/2
5/2

3

13/2 15/2

2

D

F3
D3

D7/2

30
5

1/2
3/2

D3/2

2

P3/2

0

5

G3
H6
5
G5
3
K7
5
G4

3

I11/2

F2

5

D2
3
P0

D2

5/2

2

G7/2

3
2

H4
K
F
K

3

H11/2

4

F9/2
S3/2
2
H9/2

5/2

10

1

3

S2

2
1
6

F4

7/2
6

H

5/2
15/2

15/2
3/2
1/2
13/2

8

3

5

2

7

3

2

F

5/2

Ce

+3

H

4

+3

Pr

5

4

5

I

9/2

Nd

+3

11/2

4

9/2

3

7/2

2
1

7

3

I

H

5/2

4

+3

Pm

K8

G4

4

F7/2
H11/2
4
S3/2

2

4
5

S2

5

F5

4

F9/2

3

F2

6

F1/2

3

+3

13/2
11/2

2
3
4

13/2

Sm

Eu

5

7

4

7/2

7

7/2

+3

F3/2

H5

6

9/2
0
1

S

0

2

3

11/2

7/2

8

F

4

9/2

5

6

11/2

1

3

5/2

5

H6

5

F1

4

6

13/2

3

7/2

0

F11/2
9/2

3

H9/2

3/2
5/2

5

3

D4

D2

G11/2

3/2

3/2

G4

0

4
5

4

7/2

G
4 11/2
I15/2
4
F9/2 2

1

5 7
3 5
6

2

15

G7/2
4
F3/2
4
G5/2

3

5

2

4

1

9/2

4

5
4

F5/2
I13/2

476 nm

7/2

1

4

626 nm

G9/2

4

3

545 nm

G11/2

2

5

G7/2
K15/2

2

2

D3

P5/2

L8
G5
D
3 2
G3
5
G4

4

I6

1

P0

P3/2

5
6

3

D5/2
P1/2

6

620 nm

2

1

525 nm

P2

20

1

2

3

L10
5
D3

650 nm

P3/2

2

3

D2

4
5

2

25

K13/2

2

2
1

475 nm

4

543 nm

D5/2

312 nm

Energy * 103 (cm-1)

5

7/2
2

L8
M10

3

3/2
7/2

5

D5/2

3

P3/2

3

H9/2
L
2 17/2
I13/2
2
L15/2

2

3

2

D4

6

3/2 5/2
2

P
i
P1
3
P0

G9/2

5

655 nm

35

H11/2

1 2
6

4

11/2
17/2 9/2
7/2

2

980 nm

40

Gd

+3

F

H

15/2

6

Tb

5

6

+3

+3

Dy

4

I

+3

Figure 1.2. RE 4f energy level diagram.
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The RE-based phosphors in LEDs work on the phenomenon of downconversion (DC), in
which a high energy photon, such as ultraviolet (UV) light is converted to low energy photon
(Radkov, Grigorov et al. 2009). Conversely, multiple lower energy photons in the near infra-red
region can be converted to higher energy visible radiation photons by a process known as
upconversion (UC). Both of these processes occur as a result of radiative relaxation of excited
electrons in the 4f states (Chen, Zhang et al. 2011). However, non-radiative pathways of the
electrons such as phonon assisted processes also play a key role in determining the emission
wavelengths. RE doped phosphors are frequently co-doped with another RE sensitizer in order to
combine or modulate the optical properties of the phosphor (Tran, You et al. 2009). Additionally,
the RE luminescence can be amplified by coating a shell layer on the surface of the phosphor by
quenching the parasitic sites (Dorman, Choi et al. 2012). These RE sensitizers such as Ce and Yb
are heavily doped (up to 20 mol%) in the host crystal lattice to increase the energy absorption and
energy transfer to the emitter RE ion (Sun, Fu et al. 2011).
Alternatively, the UC energy transfer process occurs over a five-step process in which: 1)
a photon is absorbed by the RE sensitizer, 2) loss of phonon matrix energy by the host lattice, 3)
energy transfer to the activator RE ion, 4) phonon-matrix energy loss by host lattice, and 5) energy
emission by the activator (Wang, Deng et al. 2011). These five steps of UC emission often take
place in three popular mechanisms. First, and perhaps the most common mechanism, is the excited
state absorption (ESA). In a typical ESA process (Figure 1.3(a)), sequential absorption of photons
takes place. Upon photon absorption, the first step is the excitation of an electron from ground
state (E0) to a metastable state (E1). Then, the electrons are excited from the metastable state E1 to
a higher excited state (E2) after the absorption of a second photon. This sequential absorption of
photons results in the UC emission that is emitted by relaxation of the electrons from excited state
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to ground state (E0). However, this process is highly efficient only for a few activator RE ions such
as Er3+, Tm3+, Ho3+, and Nd3+, which possess such ladder-like energy state structures for ESA
(Laming, Poole et al. 1988). The second process of UC emission is through energy transfer
upconversion (ETU). In this process, the sensitizer ions absorb multiple low energy photons and
then transfer to activator/emitter RE ions in an excited state. Contrary to the ESA, the excitation
in ETU process is achieved by energy transfer between two neighboring ions. In the case of ETU
(Figure 1.3(b)), each of the two neighboring ions absorbs an incident photon with the same energy,
causing an increased population in the metastable state (E1). The energy transfer between the
activator and sensitizer ions promotes one of the ions to the upper emitting state E2, while the other
ion relaxes back to the ground state E0. The doping concentration of the two RE ions is critical in
this case as the mean distance between the ions, which is the Förster-Dexter energy transfer
distance, determines the efficiency of the ETU process (Zou and Izumitani 1993). According to
Förster energy transfer theory, the rate at which the energy transfers between the sensitizer-emitter
ion pair is a function of R-6, where R is defined as the separation distance between ions (Wolber
and Hudson 1979). Third energy transfer mechanism is termed as photon avalanche (PA) process,
This UC emission process requires pump intensities to be above a certain threshold value. The PA
process begins with the population of metastable level E1 via ground state absorption (GSA). After
non-radiative relaxation to E1, the resonant ESA takes place and the upper visible-emitting level
E2 is populated as shown in Figure 1.3(c). Once the metastable-level population is established,
cross-relaxation energy transfer occurs between the activator and the sensitizer RE ions, resulting
in both ions occupying the intermediate level E1. The two ions readily populate level E2 to further
initiate cross-relaxation and exponentially increase level E2 population by ESA, thereby producing
strong UC emission as an avalanche process (Case, Koch et al. 1990).

10

(a)

ESA

(b)

(c)

E2

E2

E2

E1

E1

E1

E0

ETU

E0

PA

E0

Figure 1.3. Different energy transfer processes for upconversion emission (a) excited state
absorption (ESA), (b) energy transfer upconversion (ETU), and (c) photon avalanche process
(PA). Adapted from (Yao, Huang et al. 2019).
1.4. Rationale for TM Sensitizers
According to the critical materials strategy report of DOE (Alvin 2017), RE elements have
been classified as critical materials due to their extensive deployment in several clean energy
technologies (Alonso, Sherman et al. 2012). Therefore, to account for this demand and supply
problem of RE elements, DOE has initiated a solid-state lighting program (Norman Bardsley
2016), with an objective to provide energy-efficient LED lighting with low cost earth abundant
metals. Recently, the scope of this plan has been further extended to obtain tunable luminescence
with a single low cost phosphor (Diana Bauer 2011) to cut down the RE usage in multiple RedGreen-Blue (RGB) phosphors. Although the standard RE-doped phosphors such as Y4Al2O9:Ce,
BaMgAl10O17:Eu2+, and InBO3:Tb3+ possess a stable emission spectrum under working conditions,
they lack responsiveness to surrounding chemical environment (Bachmann 2009), as required in
tunable LEDs and optical displays. While there is a need for adaptive luminescence, especially in
applications for bioimaging and sensing fields, most of these materials depend either on
11

conformational changes or dual emission and/or absorption and are limited by the environment in
which they are incorporated (Wang, Yan et al. 2005). In this regard, a new class of responsive
phosphors to surrounding chemical environment is needed to directly allow for emission
wavelength tuning directly while simultaneously reducing the RE dependence.
One family of alternatives that are being investigated as replacements to RE elements are
TM elements, which can utilize their intra d-d transitions for optical applications. Based on the
distribution of elements in the earth’s crust as shown in Figure 1.4, these TM elements are earthabundant and fall in the category of industrial metals with their extraction processes relatively
simple (Brenner 2007). For instance, the TM elements can be reduced in the ore using carbon as a
reducing agent whereas the RE elements require electrolysis or reduction with an active metal such
as calcium for isolation (Anderson 1983). These TM elements are exceptional in that they
demonstrate a wide range of chemical behaviors, oxidation states, and have many properties in
common with RE elements such as hardness, high-melting point, and heat and electricity
conduction (Körling 1992). In spite of this, the characteristic properties of TM elements can be
viewed as a double-edged sword because they are sensitive to surrounding ligand environment.
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Figure 1.4. Abundance (atom fraction) of the chemical elements in earth's upper continental crust
as a function of atomic number (Anderson 1983).
Owing to their similarities in chemical and physical properties with RE elements, these TM
ions have the potentiality to replace RE sensitizers in phosphors because of their two-fold higher
absorption cross-sections (Rossano, Brouder et al. 2000) compared to traditional RE sensitizer ions
(Yb, Ce) (Seletskiy, Hehlen et al. 2012). For instance, the absorption cross-section of Yb3+ is 2.5
pm2 (Toci, Pirri et al. 2015) whereas for Ni2+, it is 5.5 pm2 (Seletskiy, Hehlen et al. 2012).
However, TM ions are frequently avoided in steady luminescent or magnetic applications due to
their field-dependent properties (Sugano 2012), which stem from the difference in the
hybridization of TM d orbitals with p orbitals of neighboring atoms/ligands. When the ligands
approach the central TM ion, the degeneracy of electronic orbital d states are broken due to the
static electric field produced by a surrounding charge distribution (Figgis and Hitchman 2000).
The electrons in the d orbitals of the central TM ion and those in the ligand repel each other due
to repulsion between like charges. Therefore, the d electrons closer to the ligands will have a higher
energy than those further away, which results in the d orbitals splitting in energy. The energy of
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the split eg (𝑑𝑑𝑥𝑥 2 −𝑦𝑦 2 , 𝑑𝑑𝑧𝑧 2 ) and t2g (𝑑𝑑𝑥𝑥𝑥𝑥 , 𝑑𝑑𝑦𝑦𝑦𝑦 , 𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑥𝑥𝑥𝑥 ) subsets is according to the crystal field theory

(Pauling 1975, Pauling 1985). Furthermore, this splitting is affected by the nature of the TM ion,
oxidation state, arrangement of the ligands around the TM ion, and the nature of the ligands
surrounding the TM ion (Figure 1.5). The crystal field splitting energy (10 Dq) is the stability that
results from placing a TM ion in the crystal field generated by a set of ligands and is applicable to

TM complexes of all geometries. Due to this 10 Dq, some of the d-orbitals become lower in energy
than before because of the hybridization with the ligand p orbitals. For example, in the case of an
octahedron, the t2g set becomes lower in energy (Orgel 1952). Conversely, in the tetrahedral
symmetry, the eg orbitals are lower in energy and therefore, the TM ion is more stable when the
incoming electrons first fill the eg orbitals. The degeneracy of the TM d orbitals and the
arrangement of the t2g and eg orbitals in the presence of external crystal field are shown below in
Figure 1.5.
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Figure 1.5. (a) Five degenerate d orbitals of TM ions and their (b) splitting in various crystal
symmetries such as tetrahedral, octahedral. tetragonal, and square planar.

The characteristic absorption spectrum of a TM ion in a host can be modified by changing the
value of crystal field splitting energy (10 Dq) according to the standard Tanabe-Sugano diagrams
(Tanabe and Sugano 1954, Tanabe and Sugano 1954, Tanabe and Sugano 1956, Sugano and
Tanabe 1958). These diagrams, which represent the relationship between the 10 Dq and the energy
transitions of the TM ions, are used in coordination chemistry to predict absorptions in the UV,
visible and IR electromagnetic spectrum of octahedral and tetrahedral coordinated TM
compounds. An example of a Tanabe-Sugano diagram for the d8 configuration (Ni2+) in octahedral
symmetry is shown in Figure 1.6. The x-axis of the diagram is 10 Dq scaled by the Racah
Parameter, B. Next, the y-axis is the energy of an electronic transition, E, scaled by B. The Racah
parameter accounts for inter electronic repulsions in the d-orbitals of the TM ions. Since the 10
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Dq is a function of the TM oxidation state, surrounding ligand strength, and coordination geometry
of the TM ion, the optical absorption spectrum of a particular TM ion dopant can be different in
different hosts. Each line in the Tanabe-Sugano diagram represents the energy of an electronic
state under varying ligand field strength. While only a few electronic states are spin allowed
according to the Laporte selection rules, i.e. the electronic states with same spin multiplicity, the
spin forbidden electron transitions are also included in these diagrams as they can appear in the
absorption spectrum (Lamonova, Zhitlukhina et al. 2011). For example, in Figure 1.6, the 3T1 (3P)
→ 3A2, 3T1 (3F) → 3A2, and 3T2 → 3A2 transitions are allowed due to similar spin multiplicities of
electronic states.
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Figure 1.6. Tanabe-Sugano Diagram for Ni2+ in octahedral (Oh) symmetry showing the crystal
field-dependent energy of the optical absorption transitions (Tanabe and Sugano 1954, Tanabe
and Sugano 1956).
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1.5. Adaptive Absorption of the TM Ions
Traditionally, TM elements are not considered for luminescent applications because they
are viewed as susceptible elements with crystal field-dependent optoelectronic properties as
opposed to the steady emissions of RE elements. This is fundamentally because there are no
models that depict reversible tuning of 10 Dq of TM ion for adaptive optical absorption. Previous
methods of tuning 10 Dq include the application of strong electric/magnetic fields (102 kV/cm)
(Shang, Liu et al. 2015), optical impulses (MW/cm2) (Manivannan, Myana et al. 2014), mechanical
stress (~ GPa) (Veiga, Fabbris et al. 2015), or varying crystal composition. Strain engineering has
been another alternative approach to tune the 10 Dq by changing the bond length of the TM bonds
(Bai, Zhang et al. 2014). Unfortunately, all of these methods result in permanent geometric
distortion of the crystal and are not reversible in nature. Therefore, it is important to develop a
method to control the 10 Dq of a TM ion in a stable, reversible manner for their deployment in
steady optical applications.
In this regard, polarized organic molecules with large dipole moments can be employed to
indirectly control the 10 Dq by manipulating the hybridization of the TM ion and the surface
ligand. Since these molecules are weakly chemisorbed onto the surface, the effect of these ligands
on the TM ion optoelectronic properties will be reversible in nature. Although these polarized
ligands are employed in solar cells to directly influence the open circuit voltage and current (Goh,
Scully et al. 2007), there are no models regarding tuning the value of 10 Dq of TM ion for adaptive
optical absorption. Para-substituted benzoic acid (BZA) ligands with various substituents (Table
1.3) and dipole moments, which were employed to tune the recombination kinetics in solar cells
can be utilized for tuning the value of 10 Dq in TM compounds. These molecular dipoles can
adsorb in different configurations on the surface of inorganic layers such as electrostatic attraction,
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H-bonds to bridging oxygen, H-bonds to carboxylic oxygen, monodentate metal-ester, bidentate
bridging, and bidentate chelating (Portilla) (Figure 1.7). In a few of these binding geometries such
as bidentate chelating and bidentate bridging, the dipole moment of the substituent is pointed in
the normal direction, resulting in an electric field. This direction of dipole-influenced surface
electric field is opposite to the dipole direction (Mullins 1970).
Table 1.3 Calculated dipole moments of various para-substituted benzoic acid (BZA) ligands
Functional Group
for p-BZA

Dipole
Moment (D)

SO2F

4.5

NO2

3.8

CN

3.4

Br

1.4

H

-2.1

OCH3

-3.9

NH2

-4.5

Figure 1.7. Different types of bonding of carboxylic acids (ROOH) to metal-oxide (MxOy)
inorganic surface (a) electrostatic attraction, (b) H-bonds to bridging oxygen, (c) H-bonds to
carboxylic oxygen, (d) monodentate metal-ester, (e) bidentate bridging, and (f) bidentate
chelating (Paz 2011).
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Upon surface modification of the TM doped host with polarized ligands, the TM ions at
the organic-inorganic interface experience an electric field proportional to the dipole moment of
the surface ligand (Lee, Jamison et al. 2015). This electric field that delocalizes the TM electron
density at the surface modifies the TM hybridization, impacting the 10 Dq and the optical
absorption spectrum (Leung, Kao et al. 2003). Furthermore, by employing the surface ligands with
dipole moments of opposite polarity, the value of 10 Dq can be reversibly tuned in both the
directions, resulting in adaptive optical absorption (Thomas, Jackman et al. 2014). With this ability
to control the optical absorption of TM elements using surface ligands, these TM elements can be
viewed as efficient replacements to RE sensitizers in LED phosphors by tuning the absorption
spectrum of the TM ion to match the absorption spectrum of traditional RE sensitizer. However,
the relationship between applied fields and TM electronic structure at an atomic scale is still
unclear and would benefit from first-principles simulations to elucidate the underlying physical
mechanisms. While modeling organic-inorganic interfaces can be cumbersome (Draxl, Nabok et
al. 2014), calculating the effect of electric fields induced by the surface ligands on the electronic
structure of the TM ion can be performed. These first-principles simulations that correlate the
applied electric field and the electronic structure/optical absorption spectrum of the TM ion will
be of great importance in designing new functional inorganic materials. Overall, this ability to tune
the absorption spectrum of the TM ions with the surface ligands can be utilized to replace the RE
sensitizers in RE-based LED phosphors. Additionally, this adaptive absorption of the TM
sensitizers can result in dynamic luminescence from the RE emitter via selective RE sensitization,
which results in specific emissions of the LED.
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1.6. Energy Coupling between RE and TM Ions
Current inorganic RE-based phosphors rely on energy transfer between the RE sensitizer
ion and RE emitter ion. For example, the overlap of Yb3+: 2F5/2 and Er3+: 4I11/2 energy levels is
taken advantage to have higher energy absorption followed by energy transfer for strong Er3+
visible emissions (Dorman, Choi et al. 2012). To replace these highly doped RE sensitizers with
earth-abundant TM ions for UC phenomenon, the TM ions must absorb at similar wavelengths.
Based on the predicted Tanabe-Sugano diagrams, first row TM elements such as Cr3+, Ni2+ and
Cu2+ meet this criterion. Previously, Takade et al., have shown the sensitization of Er3+ with trace
amounts in Ni in LaGaO3 host for upconverting solar cell coating applications (Takeda, Mizuno
et al. 2016). However, this mechanism of RE sensitization of RE ions with TM ions for steady
solid-state luminescent applications has not been reported. Nonetheless, with the ability to
reversibly control the optical absorption of TM ions using molecular dipoles in a stable manner
(Section 1.4), it is hypothesized that they can act as efficient replacements to RE sensitizers. More
importantly, this phenomenon of adaptive absorption of the TM elements can be exploited for
tunable DC luminescence. The difference in the absorption spectrum of the TM ion can lead to
different sensitization pathways of the RE emitter ion and result in dynamic luminescence. In
addition to the replacement of RE sensitizers with TM ions, this distinctive ability to obtain
multiple colors from a single phosphor will drastically cut down the RE dependence by minimizing
the usage of multiple RE-doped red-green-blue phosphors.
To facilitate efficient energy transfer between the RE and TM ion couple, the energy levels
of the TM ions have to be engineered to align with the energy levels of the RE ion. For this purpose,
careful selection of TM ion, host matrix, and molecular dipoles is required to precisely control the
TM energy level alignment/absorption spectrum. However, some deviation (~50-100 meV)
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between the TM donor and RE emitter energy levels can be accounted for through lattice
vibrations, facilitating energy transfer without exact matching. To better understand this concept,
the energy level diagram of Er3+ and Ni2+ is shown below in Figure 1.8 as an example RE-TM ion
pair and a possible energy transfer route. The visible and near IR transitions (1E1g → 3A2, 3T1g →
3

A2) of Ni2+ can be tuned to match the GSA of the Er3+ (4I15/2 → 4I11/2). According to the ESA

process of Er3+ UC emissions, the GSA will be followed by ESA with UC emission resulting from
subsequent relaxation to ground state (4I15/2). While the exact energy transfer mechanism between
RE-TM ion couple dictates the luminescence of the co-doped phosphor, this unique ability to
engineer the TM energy levels for adaptive luminescence will assist in designing new tunable
nanophosphor probes and reduce the total consumption of RE ions.

Figure 1.8. Energy transfer between the TM (Ni2+) sensitizer and the RE (Er3+) activator ions.
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1.7. Core-Shell Phosphor Architecture
In order to facilitate energy transfer between the RE and TM ions (Section 1.4) for adaptive
luminescence, the separation distance has to be optimized based on the standard Förster-Dexter
energy transfer theory. According to Förster energy transfer theory, the rate at which the energy
transfers between the sensitizer-emitter pairs is dependent on the site symmetry of the RE ions.
Furthermore, the coupling between the dipole pairs of emitting molecules in solution is a function
of R-6, where R is defined as the separation distance between ions (Wolber and Hudson 1979).
Later on, higher order interactions such as dipole-quadrupole interactions were included in this
energy transfer and the new coupling is modified as a function of R-8 (Murphy, Zhang et al. 2004).
Using these relationships, it was predicted by Dexter that the energy transfer between RE ion pairs,
with sufficient energy level overlaps, to occur over approximately 25 Å. However, at very low
separation distance, there is a possibility of the re-absorption of the emission wavelength by the
sensitizer, resulting in luminescence quenching of the phosphor. To prevent this, the RE and TM
ions can be spatially separated in a core-shell fashion to allow for efficient energy transfer across
interfaces. Specifically, a RE doped core with a TM doped shell is proposed so that the critical
separation distance between the RE and TM ion that favors the Förster-Dexter energy transfer will
be maintained. Furthermore, addition of a shell layer around the RE doped core nanoparticle (NP)
will reduce the surface parasitic luminescence quenching (Dorman, Choi et al. 2012). More
importantly, the surface of the shell layer can be modified through weak chemical dipoles with
varying dipole moments (up to 8 D) to modulate the TM absorption (Thomas, Jackman et al. 2014).
Since the effect of these molecular dipoles is limited primarily at the surface (Δo ∝ R−5, where R

is the metal-ligand distance in octahedral TM complexes), only the TM dopants located at the
surface of the shell layer will have a modified absorption spectrum (Smith 1969). Therefore, in
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order to take advantage of both the modified TM absorption and energy coupling between RE and
TM ions, the shell layer thickness has to be optimum (Dorman, Choi et al. 2012). Ultimately, this
proposed RE doped core-TM doped shell nanoarchitecture (Figure 1.9) functionalized with surface
ligands will facilitate adaptive absorption of the TM ions in the shell layer followed by energy
transfer between the RE and TM ions, allowing for tunable luminescence.

Figure 1.9. Surface modified RE doped core-TM doped shell where the absorption spectra of the
Ni2+ in the shell layer is modified by surface ligands.
1.8. Proposed Work and Outline of the Dissertation
It has been outlined in this introduction chapter that a new class of dynamic phosphors with
reduced RE dependence are required for tunable LEDs, bio-sensing, and anti-counterfeit
applications. While TM ions possess several properties in common with the RE ions, they have
been traditionally avoided for luminescent applications due to their susceptible properties.
Therefore, this work attempts to tune the optoelectronic properties of TM ions in a stable,
reversible manner so as to substitute them as sensitizers to RE emitters in phosphors. Furthermore,
to sensitize RE emissions with TM ions and facilitate energy transfer between them, it has been
hypothesized that a RE doped core-TM doped shell architecture will allow for increased
interactions between the dopants. Additionally, the shell layer modification with molecular dipoles
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results in adaptive absorption of the TM ion, followed by tunable luminescence of the phosphor,
which is required for tunable LEDs, bio-sensing, and anti-counterfeit applications. This proposed
architecture will facilitate the RE-TM energy transfer and allow for tunable luminescence while
simultaneously reducing the RE usage as sensitizers. Previous reports that have shown the
coupling of Ni2+ and Er3+ for UC solar cell applications (Takeda, Mizuno et al. 2016) and will be
used herein for dynamic UC luminescence studies. The optical absorption spectrum of Ni2+ in the
shell layer will be modulated using surface ligands for sensitizing the Er3+ UC emissions. In
particular, the 1E1g → 3A2 and 3T1g → 3A2 transitions of Ni2+ in octahedral symmetry (Section 1.4)
are utilized for absorbing the incident radiation and transferring it to the Er3+. To take advantage
of these electronic transitions in Ni2+, TiO2 was chosen as the host matrix owing to the chemical
stability and octahedral Ni2+ doping site in TiO2. Therefore, the first focus of this study is to
understand the Ni incorporation process in TiO2 and the synthetic parameters influencing this
process. Secondly, the ability to reversibly modify the optical and electronic absorption spectrum
of Ni dopant in TiO2 host with surface molecular dipoles is systematically studied. This is
performed by functionalizing the surface of Ni doped TiO2 thin films with benzoic acid ligands of
opposite dipole moments and probing the changes in the electronic structure using surfacesensitive UV/X-ray characterization techniques. Furthermore, these experimental results are
supported by first-principles modelling in order to fundamentally understand the effect of
molecular dipoles on the TM ion electronic states and predict the optoelectronic properties of other
novel TM sensitizer ions. Finally, to couple the adaptive absorption of the Ni2+ with steady
luminescence of the Er3+, Ni doped TiO2 was coated as a shell layer around Er3+ doped core NPs
(Qiang, Lian-Cheng et al. 2009). Among various host matrices available for Er3+ doping, NaYF4
and Y2O3 were chosen due to their asymmetric lattice sites and low phonon matrix energies
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(Suyver, Grimm et al. 2006, Dorman, Choi et al. 2012). The surface of the Ni doped TiO2 shell
layer around Er3+ doped NaYF4/Y2O3 core NPs is modified with molecular dipoles to demonstrate
tunable luminescence of the core-shell phosphor. These phosphors are unique in that they do not
require conformational changes or states of matter (Wang and Li 2018), as with the current
technology of fluorescent materials, instead using dipole induced electron density delocalization
for dynamic luminescence. Additionally, this study highlights the interrelationship between the
crystal environment surrounding the TM in the shell layer, optical absorption, and energy transfer
to the RE ion within the NP core. Ultimately, these tunable luminescent materials will align with
the interests of DOE in reducing the RE elements in clean energy technologies, specifically LED
lighting.
The outline for this work is as follows. Chapter 2 describes the synthesis methods and
characterization techniques, including the in situ and synchrotron-based techniques employed for
this study. Furthermore, the details regarding the first-principles simulations on the TM doped
hosts with surface ligands are discussed. Chapter 3 demonstrates how the secondary processing
parameters influence the dopant location in the NPs. Next, the influence of molecular dipoles on
the valence band of the host matrix (Ni doped TiO2) is discussed in Chapter 4. In Chapter 5, the
influence of molecular dipoles on the conduction band of the host matrix coupled with firstprinciples DFT simulations is analyzed. Chapter 6 discusses the change in the electronic structure
of the TM dopant with the surface molecular dipoles. Finally, the influence of the processing
parameters and surface dipoles on the dopant photophysical properties is demonstrated in Chapter
7, including future work. Overall, this work highlights the ability to control the crystal-field
dependent properties of TM ions in a reversible manner and integrate these properties with RE
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emissions for tunable luminescence. A schematic diagram showing the research flow for the design
of tunable nanophosphors is shown below (Figure 1.10).

Figure 1.10. Schematic showing the research flow for the design of adaptive phosphors.
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Chapter 2. Experimental Methods 1
This chapter explains the synthetic procedures, characterization techniques, and modeling
approaches adopted for the design of adaptive luminescent RE doped core-TM doped shell coreshell phosphors. First, the wet chemistry methods for the synthesis of RE doped core NPs and TM
doped shell layer are discussed independently. Next, the material characterization methods,
including the in situ (UV-Vis and FTIR) and synchrotron-based (X-ray/UV spectroscopies)
methods that were employed to elucidate the interrelationship between the synthetic conditions,
surface ligands, and the optoelectronic properties of the materials are presented. Additionally, this
section includes optical studies such as the photoluminescence and ultrafast laser measurements
that were performed on the RE doped core-TM doped shell NPs to extract the RE-TM energy
transfer mechanism. Finally, the computational details regarding the calculation of density of states
of isolated ligand molecules, valence band, and conduction band electronic absorption spectra of
the TM doped hosts are described.
2.1. Synthesis Methods
The experimental section of this project can be broadly divided into two parts: 1) core
synthesis, and 2) shell layer/thin film synthesis. NaYF4 is one of the potential host matrices
considered for this study for RE doping due to its exceptional low phonon matrix energy that
minimizes the energy loss (Zhao 2011). While there are many wet chemical routes to synthesize
the RE doped core NPs, this study focuses on the two methods: hydrothermal and sol-gel synthesis
that were employed to obtain the desired morphology and composition. Additionally, sol-gel

1

The synthetic methods and the description of characterization methods was “Reprinted (adapted) with permission
from (P. Darapaneni, N. S. Moura, D. Harry, D. A. Cullen, K. M. Dooley and J. A. Dorman, The Journal of Physical
Chemistry C, 2019, 123, 12234-12241 and P. Darapaneni, O. Kizilkaya, Z. Wang and J. A. Dorman, The Journal of
Physical Chemistry C, 2018, 122, 22699-22708). Copyright (2018 and 2019) American Chemical Society.”
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method was employed for the shell layer synthesis as well. Initially, the TM doped shell layer
synthesis was carried in the form of depositing thin films on substrates to analyze the
optoelectronic properties of the TM dopant in the hosts.
2.1.1. Hydrothermal Synthesis of NaYF4:Er3+ NPs
Hydrothermal synthesis refers to the synthesis of materials via chemical reactions in a
sealed and heated solution above ambient temperature and pressure (Suchanek and Riman 2006).
The name “hydrothermal” originates from the aqueous solution-based synthesis that is performed
at high-temperature (>100 °C) and high vapor pressure level (>-1 bar) in an autoclave reactor. In
this synthetic route, a water soluble RE-based chloride or nitrate salt is used as precursor and a
mineralizer such as NaOH or HCl is used as another reactant (Xu and Lin 2013). These reactants
are heated in an autoclave to high temperatures depending on the crystallization temperature of the
NPs. The reaction between the soluble precursor salt and the mineralizer precipitates the product
NPs at the bottom of the autoclave. These NPs are later washed with water and ethanol to remove
the acidic nature of the product NPs. However, the size, shape, and the crystal structure of the
resultant NPs is dependent on the thermodynamics of the precursor and the reaction conditions
(temperature, time, pH of the reaction). Traditionally, this method produces large-sized and highquality crystalline NPs, and at the same time, provides control over their content and composition.
For the hydrothermal synthesis of NaYF4:Er3+ (3 mol%) core NPs (Li, Quan et al. 2007), 2 mmol
of total RE salts (Y(NO3)3. 6H2O and ErCl3. 6H2O) were dissolved in 15 mL of water. After 5 min
of continuous stirring, 1 mL of HCl was added to the above solution. Next, 8 mmol of sodium
citrate was added to the above mixing and the stirring is continued. Afterwards, 5 mL of 5 mM of
NaF solution was added to the solution as a fluoride source and the stirring was continued for 10
min. This solution was then transferred into a Teflon lined vessel, which was then sealed inside in
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a stainless-steel autoclave. Hexagonal β-NaYF4:Er3+ NPs were formed when the autoclave was
heated in an oven at 180 °C for 1.5 h (Figure 2.1(a)) (Vaithiyanathan, R. Bajgiran et al. 2019)
whereas lower temperatures such as 150 °C yielded cubic α-NaYF4:Er3+ NPs (Figure 2.1(b)).
Unfortunately, the NPs synthesized via hydrothermal method are large in size (~ 1 μm), which
lead to highly inefficient energy transfer processes between the RE ion in the core and TM ion in
the shell layer. Therefore, in order to facilitate energy transfer between the core and shell layers,
smaller sized core NPs are required. While thermal decomposition method (see Appendix B.1)
yields smaller sized NPs, the organic ligands such as oleic acid and oleylamine employed in this
process bond to the surface of these NPs, giving them a hydrophobic surface. In order to make the
surface hydrophilic for coating an oxide shell layer (TiO2), phase transfer has to be performed.
Unfortunately, the current phase transfer processes do not completely remove the organic ligands
on the surface of the NPs (Li 2002, Wei 2010). Therefore, other metal-oxide host matrices which
allow for homogeneous RE incorporation and can be synthesized using aqueous solution-based
chemistries were investigated. Among them, Y2O3 was opted for this study due to the ability to
synthesize smaller sized Y2O3 NPs using sol-gel chemistry and asymmetric Y lattice sites for
desired UC luminescence.

29

(a)

(b)

200 nm
Figure 2.1. SEM images of NaYF4:Er3+ NPs synthesized by hydrothermal method (a) α-phase (b)
β-phase.
2 .1.2. Sol-gel Synthesis of Metal Oxides
Sol-gel is a low-temperature, highly controllable and cost-effective method for production
of homogeneous, highly stoichiometric and high-quality ultrafine nanostructures. In addition to
choosing the desired shape of the metal-oxide nanostructures such as nanospheres, nanorods,
nanoflakes, nanotubes, nanoribbons, nanospheres, and nanofibers, this method can be extended to
obtain several forms of materials such as thin films, glass, and ceramics. In this method, the sol
can be prepared by either hydrolysis or polymerization reactions (Eqn. 2.1) by adding suitable
reagents in the precursor solution. The sol then undergoes gelation (Eqn. 2.2) through condensation
of the sol or addition of polymers that converts this sol to gel (Eqn. 2.3). These reaction steps for
metal-oxide (MO) sol-gel synthesis are given below. The resultant gel can be used to form
materials of different types such as thin films, NPs, xerogel, glass or ceramics depending upon the
further processing steps involved. Thin films are prepared by coating the substrates with this sol
whereas NPs and xerogels can be obtained by simple evaporation of solvent.
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𝑀𝑀 − (𝑂𝑂𝑂𝑂)4 + 𝐻𝐻2 𝑂𝑂 → 𝑀𝑀 − 𝑂𝑂𝑂𝑂 + 𝑅𝑅 − 𝑂𝑂𝑂𝑂

Hydrolysis

(2.1)

Gelation

(2.2)

𝑀𝑀 − 𝑂𝑂𝑂𝑂 + 𝑀𝑀 − 𝑂𝑂𝑂𝑂 → 𝑀𝑀 − 𝑂𝑂 − 𝑀𝑀 + 𝐻𝐻2 𝑂𝑂

Condensation

(2.3)

𝑀𝑀 − 𝑂𝑂𝑂𝑂 + 𝑀𝑀 − (𝑂𝑂𝑂𝑂)4 → 𝑀𝑀 − 𝑂𝑂 − 𝑀𝑀 + 𝑅𝑅 − 𝑂𝑂𝑂𝑂

As a first step in the deposition of TiO2:Ni2+ shell layer around the core Y2O3 NPs (see
Appendix B.3), the sol prepared was spin coated onto substrates as thin films to analyze the
optoelectronic properties upon surface functionalization with ligands. The sol was prepared by
dissolving NiCl2.6H2O in ethanol and then titanium (IV) isopropoxide (TTIP) was added dropwise
to form homogeneous TiO2:Ni2+ sol after 3-4 h of continuous stirring. HCl was used as a catalyst
in this process to control the rapid hydrolysis of TTIP precursor (Yu, He et al. 2015). The
concentration of Ni precursor to TTIP was varied from 0 to 15 mol%. The prepared sol was aged
for 24 h prior to spin coating onto Si (100) substrates at 3000 rpm for 60 s. The thickness of the
films can be adjusted by diluting the sol before spin coating or by varying the spin coating speed
and time.
2.1.3. Ex Situ Surface Functionalization of TiO2/TiO2:Ni2+ Thin Films
To demonstrate adaptive optoelectronic properties of TiO2/TiO2:Ni2+ thin films with
ligands, the surface of the these film was modified with BZA ligands via carboxylic acid chemistry
(Goh, Scully et al. 2007). In this method, the carboxylic groups chemisorb onto the hydrophilic
surface of the inorganic film. Two para-substituted benzoic acid (BZA) ligands, one with electron
withdrawing group-NO2 (μ = 3.8 D) and other with electron donating group-NH2 (μ = -4.5 D),
with opposite dipole moments were chosen as surface ligands. The TiO2/TiO2:Ni2+ films were
immersed in 1 mM BZA in acetonitrile solution. After 2-3 h, the samples were rinsed with ethanol
and isopropanol before drying in air. These dipoles indirectly control the optoelectronic and
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magnetic properties of the inorganic film because of the metal-ligand hybridization at the organicinorganic interface.
2.2 Characterization Methods
2.2.1. Scanning Electron Microscopy (SEM) and Energy X-ray Dispersive Spectroscopy (EDX)
Scanning electron microscopy was performed on FEI Quanta 3D instrument equipped with
an EDAX-EDS system to quantify the morphology and elemental composition of thin films and
NPs. Large NPs of size 200-500 nm were imaged at beam voltage of 5 kV and beam current of 24
pA. EDX measurements were performed at high beam voltage of 20 kV. The samples for these
measurements were prepared by dissolving the powder sample in aqueous medium and drying it
on a carbon tape.
2.2.2. Transmission Electron Microscopy (TEM)
The size and shape of smaller sized NPs was observed using a high resolution JEOL JEM
transmission electron microscope operating at an accelerating voltage of 80 kV. With the help of
bright field imaging, the thickness of the shell layer can be roughly estimated. Additionally, the
instrument has the capability to perform selected area diffraction on two different spots on the
sample, which can be used to identify the different crystal phases of core and shell layers. The
sample for TEM measurements is prepared by dispersing 2.5 mg of the NPs in 10 mL of toluene,
to form a homogeneous dispersed phase. A drop of this solution is dried on the TEM copper grid
to perform imaging.
Furthermore, to determine the dopant spatial distribution, aberration-corrected high-angle
annular dark-field (HAADF)-STEM imaging was performed at Oak Ridge National Laboratory
(ORNL) using the Nion-UltraSTEM 100 (U100) electron microscope operated at 100 kV and
equipped with third generation C3/C5 aberration corrector, Gatan Enfina electron energy loss
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spectrometer (EELS), and a cold FEG source. These measurements assisted in elucidating the
effect of synthetic conditions on the crystallization of the NPs.
2.2.3. Atomic Force Microscopy
In this study, AFM was performed to determine the surface roughness and thickness of the
films. MicrofAFM scans were performed on Agilent 4500 microscope in contact mode. A Si tip
coated with Al with spring constant of 0.2 N/m was employed for scanning. The scanning rate was
1 Hz and the scanning area was 2 × 2 μm2. The images were processed using Gwyddion software
for calculating roughness and other parameters. The AFM images for pure TiO2 and TiO2:Ni2+ (15
mol%) thin films are shown below in Figure 2.2.
2.2.4. Filmetrics Tool (FT)
The thickness of the TiO2/TiO2:Ni2+ thin films was roughly estimated from the Filmetrics
Tool measurements. The data collected from Filmetric Tool for films deposited using various
dilution ratios is tabulated in Table 2.1. This tool works on the white light reflection technique in
which the data is taken with normal incidence reflection of white light (200-1100 nm) from the
surface. The data is modeled using available optical models in the Filmetrics software and the
optical parameters (refractive index, n=2.3 and extinction coefficient, k=1.5 for TiO2) are adjusted
to give a best least-squared fit to the data. The accuracy of the technique will depend on the
thickness of the film and the optical models used for the fitting of the data. A standard Si(100)
wafer is used as a reference and the native oxide layer (SiO2) correction is also included in the
program set up.
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(a)

(b)

Roughness ~2-3 nm

Roughness ~40-50 nm

Figure 2.2. AFM images of pure TiO2 and TiO2:Ni2+ (15 mol%) thin films.
Table 2.1. Thickness of films measured using Filmetrics Tool.

Thin Film

Dilution
Ratio

Thickness

TiO2

-

89.53 nm

TiO2

1:1

51.09 nm

TiO2

1:2

37.74 nm

2.2.5. Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectra for the ligand bonded thin films and NPs were recorded at a Thermo Scientific
Nicolet 6700 FTIR equipped with an ATR diamond and Ge crystals and MCT detector cooled to
liquid N2 temperatures. The organic ligands absorb infrared (IR) energy at specific frequencies
(wavelengths) due to the energy of their vibrational bonds. This technique can be used as a
fingerprinting technique to assign the basic structure of organic compounds by identifying their IR
absorption peaks. In this method, the IR transmission/absorbance versus frequency is plotted and
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is compared to the reference for materials identification. The IR data was collected in both
transmission and DRIFTS mode with air as background. In the transmission mode for thin films,
Ge crystal was employed. For the DRIFTS measurements, DTGS detector was employed and the
data was reported in Kubelka-Munk (f(R)) units. The resolution for all the measurements was 4
cm-1 in the region going from 4000-1000 cm-1.
2.2.6. UV-Vis Absorption Spectroscopy
UV-Vis absorption spectroscopy was performed on both thin films and NPs to observe the
absorption peaks of Ni2+ and Er3+ ions. Perkin-Elmer Lambda 900 spectrometer equipped with an
integrating sphere and a sample holder mount was used for these measurements at room
temperature. A 30 W deuterium and 100 W halogen lamp were used for UV and IR irradiation,
respectively. The absorption scans ranging from 300-1300 nm with a scan rate of 0.5 nm/s were
performed on the thin films and NPs, coated on glass substrates. The disturbance that is seen
around 900 nm is due to the change of the monochromator and the lamp change was at 319 nm.
2.2.7. Thermal Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
used to study phase transformations and annealing process of the NPs. The different stages of the
annealing process for the aged versus non-aged powders of the dried sol were studied in detail.
TGA-DSC analyses was performed with a TA SDT Q600 DSC-TGA under air flow and the
temperature was programmed from 25 to 450 ºC at 4 ºC/min.
2.2.8. Photoluminescence (PL) Studies
NaYF4:Er3+|TiO2:Ni2+ were subjected to PL measurements in order to observe the
excitation and emission spectra of Er3+ ion. The PL spectra and the lifetime of NPs were measured
using an Edinburgh FLS1000 PL spectrometer with a PMT detector and a 450 W ozone-free Xenon
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arc lamp as a light source. For PL measurements, all samples were dissolved in deionized water
having 5 mg/mL solution concentration and 3 mL volume. The photoluminescence counts, based
on the beam scatter, were set to 105 prior to measurement to ensure identical measuring parameters.
The DC luminescent excitation and emission scans were performed with a 2 nm bandpass ﬁlter at
a scan rate of 0.4 nm/s in the range of 240-400 nm (excitation) and 450-750 nm (emission) with 1
nm step size. For UC measurements, an MDL-III-980 laser centered at 980 nm with a power of
2500 mW was employed as the excitation source and emission spectra were recorded from 400800 nm.
2.2.9. Photocatalytic (PC) Studies
The photocatalytic activity of the TiO2:Ni2+ (15 mol%) NPs was determined from the
degradation of the methylene blue (MB) dye under solar light AM 1.5G, simulated using a Sinus220 solar simulator (intensity 785 W/m2). In a typical experiment, 240 mg of TiO2:Ni2+ (15 mol%)
NPs were added to 200 mL of 0.015 mM MB under vigorous stirring and air bubbling (Ganesh,
Gupta et al. 2012). The stirring was continued in the dark for an hour to reach adsorption
equilibrium and the initial concentration was measured as Co. Aliquots were taken every 30 min
from the continuously stirred solution and the absorption spectra were recorded to determine the
concentration of MB dye (Ct) after exposure time, t. The log (Co/Ct) is plotted against exposure
time (t) to determine the reaction rate constant. The absorption peak of MB at 664 nm was taken
as reference to calculate the MB concentration in the solution.
2.2.10. X-ray Diffraction (XRD)
Powder XRD data was obtained by using PANalytical X-ray diffractometer with a step size
of 0.03° and dwell time of 60 s, using Cu Kα1 (λ=1.54 Å) as radiation source. The crystal structure
of the core-shell NPs was identified by placing the finely crushed powder on zero background
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sample holder and then scanning the goniometer axis from 5-70°. Additionally, gracing incidence
(GI)-XRD was also performed on thin films of TiO2:Ni2+ to understand the crystal structure before
and after Ni doping. These in-plane XRD measurements were performed with the X-ray beam
incident at 1º on the sample. The scattered X-ray intensity was monitored as a function of 2θ angle
in the range of 15-70º with a step size of 0.01º and dwell time of 198 s.
2.2.11. X-ray Spectroscopy Characterization
X-ray spectroscopy has been extensively employed in wide-ranging fields for a variety of
samples to study the chemical oxidation state, local geometric structure, and electron dynamics in
a specific element of interest upon excitation with X-rays. These electron transfer processes in an
element are induced by X-ray created core holes and decay mechanisms (Agarwal 2013). Since
the wavelength of X-rays is on the order of Å, which is similar to the interatomic distances in a
molecule, allowing for these spectroscopic methods to probe the atomic structure. Upon irradiation
with X-ray photons, an electron from the core level of an atom is excited to a higher energy level,
creating a core-hole. Consequently, a fluorescent photon is emitted by this excited electron when
it relaxes to the core level, and this process is known as core-hole decay (Baer and Engelhard
2010). The different X-ray spectroscopic techniques can be divided into two categories according
to the creation and decay of core-holes (Venezia 2003). X-ray Photoelectron Spectroscopy (XPS)
and X-ray Absorption Spectroscopy (XAS) study the creation of core holes upon incident X-ray
irradiation whereas Auger Electron Spectroscopy (AES) and X-ray Emission Spectroscopy (XES)
form the basis for studying the core-hole decay (Grant 1989). In all of the above cases, the
excitation energy or the emission energy is a wavelength that is characteristic for the element,
giving atomic-specificity to this technique. Analysis of the X-ray absorption/emission spectra
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gives qualitative and quantitative information about the elemental composition, oxidation states,
and local atomic geometry (Yamashita and Hayes 2008).
2.2.11.1. X-ray Photoelectron Spectroscopy (XPS)
XPS is based on the creation of a core hole via photoionization by the incident high energy
X-rays. If the incident energy of the X-rays (hν) is larger than the binding energy (BE) of the
electron, the emitted photoelectron carries the remaining kinetic energy (KE), which is measured
the analyzer/detector. Additionally, the work function of the spectrometer instrument (Φ) needs to
be considered when performing the energy conservation in these X-ray techniques. The equation
for calculating the BE is given by: BE = hν + KE + Φ. With this information pertaining to the BE,
the oxidation state of an element can be determined in XPS.
In this work, the oxidation states of individual elements in thin films and NPs were
determined from XPS measurements. XPS spectra were obtained using Thermo Scientific KAlpha X-ray Photoelectron Spectrometer system with a 180° double focusing hemispherical
analyzer. A 128-channel detector was used with non-monochromatic Al Kα radiation source
(1486.86 eV) at a power of 240 W. The binding energy scale was calibrated with reference to the
adventitious C 1s peak at 284.5 eV and all the scans were averaged for 5 measurements taken at
different points on the sample. All peaks were fit (using CasaXPS software (Fairley 2009)) to
symmetric Voigt functions (70% Gaussian and 30% Lorentzian) and a Shirley background to
determine peak positions and areas. The fitting parameters were generated with a LevenbergMarquardt optimization algorithm. The Ti 2p peaks were constrained based on the ratio of their
peak areas (2:1 for 2p3/2:2p1/2) and the spin orbit (SO) splitting energy between the peaks. The SO
splitting energy for Ti 2p spectra was maintained at 5.6 eV. For O 1s fitting, the FWHM of the
peaks were constrained to be less than or equal to 1.5 eV.
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2.2.11.2. X-ray Absorption Spectroscopy (XAS)
In XAS, the incident X-ray photons excite a core electron into the unoccupied conduction
band orbitals above the Fermi level. Based on the energy of the incident radiation, the lower energy
region in XAS is called the X-ray Absorption Near Edge Spectroscopy (XANES) and the higher
energy region is termed as Extended X-ray Absorption Fine Structure (EXAFS) (Koningsberger
and Prins 1988). In particular, XANES transitions are caused by the absorption of an incident Xray photon and the energy of this photon is tuned to match the ionization energy of the core
electron. The energy of an absorption edge is characteristic for each element, making XANES an
element-selective technique. The absorption intensity of the incident X-ray photons is monitored
as a function of the incoming photon energy in these XAS measurements (Babonneau, Doeuff et
al. 1988).
XANES is a versatile atom-specific and site-specific characterization method to obtain
electronic, structural, and magnetic properties of matter. The changes in the absorption of X-rays
due to the photoelectric effect is measured as absorption cross section μ. There are three popular
detection modes of XANES measurements: transmission, fluorescence, and total electron yield
mode. In transmission mode, the intensity of the X-rays that are passed through the sample is
measured (It) and compared to the incident intensity (I0). The absorption coefficient in this mode
of XANES measurement is obtained as:
µ = 𝑙𝑙𝑙𝑙

𝐼𝐼0
𝐼𝐼1

(2.4)

Next, in the fluorescence mode of detection, the intensity of the X-ray fluorescent line is
proportional to the absorption coefficient as the valence electrons fill the core holes postabsorption and emit photons. This mode of detection is extensively employed for dilute samples
due to its selectivity for smaller elemental concentrations and bulk-penetration depths. At higher
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concentrations, self-absorption takes place and this lowers the apparent absorption coefficient due
to large absorption. Quantitatively, the intensity of the fluorescent X-ray photon (IF) is measured
and compared to the incident intensity (I0). The absorption coefficient in this case is calculated as:
µ=

𝐼𝐼𝐹𝐹
𝐼𝐼0

(2.5)

As with the fluorescence detection mode, in the total electron yield (TEY) mode, the absorption
of X-rays results in emission of electrons from the sample and this emission intensity is
proportional to the absorption coefficient. The emitted electrons produced from the sample include
both the photoelectrons and Auger electrons and these are collected by the detector. The electric
current (IE) produced via gas ionization by the electrons is collected by a grid close to the sample
surface (non-vacuum), and this current is a measure of the intensity of fluorescence. This method
is very surface sensitive with a probing depth of about 1-2 nm due to the low escape depths of the
soft-X-rays. The absorption coefficient in this mode of measurements is given by:
µ=

𝐼𝐼𝐸𝐸
𝐼𝐼0

(2.6)

In this study, the XANES measurements were performed on Vacuum Line Spacing-Plane
Grating Monochromatic (VLSPGM: 0.2-1 keV) at the Center for Advanced Microstructures and
Devices (CAMD). The L edges of Ti, Ni and K edge of O were measured in the VLSPGM beam
line with photon energy resolution of about 0.1 eV. The data was collected in TEY mode with the
sampling depth being less than 10 nm (Abbate, Goedkoop et al. 1992). The samples are loaded
onto a stage before transferring them to the vacuum chamber via load lock. The pressure inside
the sample chamber was maintained around 2×10-9 Torr. The vertical slit width used for these low
energy XANES measurements was 100 μm for Ti and O; and 50 μm for Ni L edge to enhance the
resolution. The spectra reported is obtained after averaging the data from multiple scans. TiO2 and
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NiO powders were used as reference for calibration purposes. XANES data is normalized and
analyzed using Athena software (Ravel and Newville 2005). The thin film samples were attached
to either Kapton or carbon tapes according to the beamline requirement.
2.2.11.3. Ultraviolet Photoelectron Spectroscopy (UPS)
UPS works on the similar principles as that of XPS but at lower incident energies (<100
eV). The kinetic energy of the emitted photoelectron when excited by UV light is measured in this
technique. This method is very surface-sensitive due to the lower energies of the incident photons
and gives unique information as about the hybridized orbitals in the valence band. The sampling
depth of this technique is less than 1 nm. UPS can be performed in two modes: resonant and nonresonant excitation. When the incident energy is monochromatized and tuned to a specific
resonance of an orbital at an absorption threshold, the excitation is said to be resonant while,
otherwise, it is non-resonant. Resonant UPS has emerged as a powerful tool to elucidate the
electronic structure of TM oxides (Vasudeven, Hegde et al. 1978). In the case of TM ions, the
resonant effect occurs when the photon energy is swept through the 3p absorption edge of the TM.
Upon photoexcitation, the TM is excited to from ground state of 3p63dn to an excited 3p53dn+1.
This excited state yields a final state 3p63dn-1 +e-, which is degenerate to the direct valence band
excitation. In the case of TiO2, which is nominally a 3d0 state, de-excitation of the excited
3p53d1,3p54s1, etc. states occur through interatomic channels (Eqn 2.7). In this way, the resonant
emission will be dominated by states with relatively large Ti-O hybridization.
Ti 3p53d1 + O 2p6 → Ti 3p63d0 + O 2p5 +e-

(2.7)

For the non-resonant excitation in which higher energy of the incident radiation is

employed, the Ti 3p - 4s transitions are dominant, which does not include the information
regarding the hybridization of Ti 3d with the O 2p states. Figure 2.3 shows the resonant and non41

resonant excitation UPS spectra of TiO2. The peak features are broadened for non-resonant UPS
whereas they are sharp and well-defined for the resonant UPS, highlighting the sensitivity of the
resonant excitation to the Ti 3d hybridization features.

Figure 2.3. Resonant and non-resonant UPS spectra of TiO2, demonstrating the Ti hybridization
peaks.

Resonant and non-resonant UPS measurements for this study were undertaken at the 5meter toroidal grating monochromator (TGM) beamline at CAMD. The beamline (Kizilkaya, Jiles
et al. 2014) is equipped with an ultrahigh vacuum chamber endstation, which carries an Omicron
EA 125 hemispherical electron energy analyzer with five channel detector that analyzes the
energies of photoelectrons excited by ultraviolet photons dispersed by the beamline gratings or Xray photons delivered by a DAR-400 dual Mg/Al X-ray source resided on the chamber. UPS
spectra were collected with a constant pass energy of 10 eV with varying photon energies. The
endstation was maintained at a base pressure of 10-10 Torr. All the UPS spectra were acquired in
normal emission geometry with a 45º incident angle to the surface normal. The BEs were
referenced with respect to the Fermi level of a gold foil in electrical contact with the sample.
Furthermore, the spectra have been normalized to a point on the higher BE region of the
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background whose intensity is solely derived from the inelastic secondary electrons and not from
any substrate or adsorbate features.
For in situ UPS measurements, the vapors of BZA ligands were adsorbed onto the surface
of pure TiO2 and TiO2:Ni2+ films using in situ physical vapor deposition method. The solid BZA
powders were loaded into a Pyrex tube attached to a standard leak valve. The tube was outgassed
overnight at 60 ºC to ensure the purity of the BZA vapors. Prior to dosing BZA vapors onto the
surface of the films, the tube was heated with a heating tape to 100 ºC and the temperature was
measured using a K-type thermocouple. After 15 min of heating, the leak valve to the main
chamber was slowly opened and the BZA vapors were dosed at a pressure of 10-6 Torr for 100 s
for a total dose of 100 Langmuir (1 Langmuir = 10-6 Torr.s). To perform dosing of another BZA,
the previously dosed-substrate was flash annealed at 250 ºC for 15 min followed by Ne+ sputtering,
and the UPS spectra was then collected to verify the surface composition before BZA dosing. All
the collected spectra were normalized at 19.75 eV and calibrated to the defect Ti3+ peak located at
1 eV for pure TiO2.
2.3 Computational Details.
First-principles simulations were performed to understand the ligand bonding and the effect
of ligand fields on the electronic structure of TiO2. These simulations were performed in
collaboration with Dr. Craig Plaisance, Department of Chemical Engineering and Dr. Kenneth
Lopata, Department of Chemistry at LSU. The details regarding the calculations are given below.
2.3.1. Density of States Calculations using Gaussian16
The density functional theory (DFT) geometry optimizations were performed on isolated
BZA ligands using the Gaussian16 software package (Frisch, Trucks et al. 2016) with the B3LYP
hybrid functional and the 6-31G++ basis set. DOS of molecular dipoles was then obtained by
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convoluting the calculated electronic states with a Gaussian function of full-width at half
maximum (FWHM) of 1.5 eV using the GaussSum program (O'Boyle, Tenderholt et al. 2008).
2.3.2. Density of States Calculations using VASP
All DFT calculations on the ligand-bonded TiO2/TiO2:Ni2+ surfaces were performed using
the Vienna ab-Initio Simulation Package (VASP) (O'boyle, Tenderholt et al. 2008, Gaussian09
2009). The Kohn-Sham orbitals were constructed in a plane-wave basis with an energy cutoff of
400 eV. The projector augmented wave (PAW) method (O'boyle, Tenderholt et al. 2008) was used
to describe these orbitals in the core regions. The exchange correlation energy was calculated in
the generalized gradient approximation using the Bayesian Error Estimation Functional with van
der Waals corrections (BEEF-vdW). An additional on-site self-interaction correction was applied
to the Ti 3d orbitals using the rotationally invariant implementation by Liechtenstein et al.
(Liechtenstein, Anisimov et al. 1995). A value of 4 eV was used for the rotationally averaged
effective Coulomb integral (U-J). Calculations were performed using a 2×2×1 Γ-centered k-point
mesh. Population of the Kohn-Sham orbitals was determined using an error-function distribution
with a width of 0.2 eV.
The Kohn-Sham orbitals were determined using an iterative procedure based on the blocked
Davidson scheme. The charge density was determined at each step using the Pulay mixing scheme
with a mixing fraction of 0.1 for the total charge density and 0.4 for the magnetization density. A
tolerance of 10-4 eV was used for determining the convergence of the Kohn-Sham orbitals and
charge density. Geometries of minimum energy structures were obtained using a conjugate
gradient algorithm. Convergence was achieved when all atomic forces were below 0.05 eV/Å.
The TiO2 (101) surface was constructed from a bulk unit cell with reported experimental lattice
constants of 𝑎𝑎 = 3.785 Å and 𝑐𝑐 = 9.514 Å.11 The surface was composed of four Ti4O8 layers
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inside a monoclinic unit cell with lattice constants 𝑎𝑎 = 5.443 Å, 𝑏𝑏 = 7.552 Å, 𝑐𝑐 = 27.861 Å, and
γ = 110.3°. Prior to adsorption of the molecules, the two bridging surface oxygens in each unit cell

were removed to mimic the sputtered surface onto which adsorption occurs. This results in all four
Ti4+ cations in the surface layer being reduced to Ti3+. Two deprotonated NO2-BZA molecules per
unit cell were placed on the surface in a bidentate configuration, resulting in oxidation of two Ti3+
to Ti4+ to maintain a charge-neutral surface. This corresponds to the below process (Eqn 2.8) that
is believed to occur upon adsorption. Adsorption of NH2-BZA and zwitterionic NH2-BZA
molecules per unit cell did not result in this oxidation of the surface.
2𝑁𝑁𝑁𝑁2 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 2𝑇𝑇𝑇𝑇 3+ → 2𝑁𝑁𝑁𝑁2 − 𝐵𝐵𝐵𝐵𝐵𝐵− + 2𝑇𝑇𝑇𝑇 4+ + 𝐻𝐻2

(2.8)

The Ni-doped surfaces were constructed by exchanging a Ti3+ on the undoped surface with

a Ni2+ and oxidizing a second Ti3+ to Ti4+ to maintain a charge-neutral surface. Adsorption of NO2BZA on the Ni-doped surface also resulted in the oxidation of the remaining two Ti3+ cations to
Ti4+. One of the two NO2-BZA molecules was placed in a bidentate configuration binding to two
Ti cations. The second molecule was placed in a bidentate configuration binding to one Ti cation
and the Ni cation, although the weak bond with Ni approaches a monodentate configuration.
2.3.3. XANES Spectra Calculations using NWChem
All the electronic structure DFT calculations on anatase TiO2 cluster were performed using
a development version of NWChem (Valiev, Bylaska et al. 2010) using a Gaussian-type orbital
(GTO) basis set and spin-orbit relativistic effects described using ZORA (Nichols, Govind et al.
2009). In this study, the B3LYP exchange-correlation functional was used for all calculations as it
has performed well in previous studies for ground and excited state properties of TiO2 (Muscat,
Wander et al. 2001, Labat, Baranek et al. 2008). All the geometry optimizations and similar
calculations, along with the X-ray absorption calculations, were performed with the following
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basis sets: Ti atoms were given Sapporo-TZP 2012 basis set (Noro, Sekiya et al. 2012), O atoms
were give a Stuttgart RLC ECP basis sets, and the pseudo-H atoms were given a 6-31G basis set.
In this work, bulk-mimicking clusters which can capture the dopants and surface ligands
without prohibitively large supercells were employed, as in periodic calculations. Additionally,
use of finite clusters allows for atom-centered basis sets, which afford a simple treatment of corelevel states (for X-ray response) and the use of hybrid functionals, which can better calculate the
band gaps and excited states (Fernando, Balhoff et al. 2015). Cluster models are a well-developed
approach for weak-field vertical valence and core-level excited states in non-metallic materials
where the excitations are localized in space (Carter 2008). In this study, TixOy clusters were
developed using a covalent embedding procedure (Sauer 1989, Govind, Lopata et al. 2011). The
experimental bulk anatase TiO2 structure was cut to yield a Ti centered finite cluster, which was
then “chemically passivated” with pseudo-hydrogen atoms at the boundaries (Figure 2.4). In
anatase TiO2, Ti forms a distorted octahedron with the six surrounding O atoms, while O atoms
form a trigonal planar structure with the three surrounding Ti atoms. Based on the formal oxidation
states of Ti (+4) and O (-2), each Ti atom will share an effective charge of +2/3 and each O atom
will possess an effective charge of -2/3 to their neighboring atoms. The boundary pseudo-hydrogen
atoms, which replace the bulk Ti atoms, will therefore have an effective charge of +2/3. To
determine the O-H bond length, a charge consistency constraint was enforced, where the O-H bond
distance was varied to minimize the differences between the Bader (Tang, Sanville et al. 2009)
atomic charges of the oxygen atoms. The clusters were then geometry optimized with the interior
atoms allowed to move, while pinning the boundary O atoms and fixing the pseudo-H bond lengths
and H-O-H angles.
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Figure 2.4. Ti9O38 cluster passivated with pseudo-H atoms built by covalent embedding atom
procedure.

Once the clusters were created and validated, the XANES spectra were computed using the
NWChem real-time TDDFT module (Lopata and Govind 2011) using a two-component spin-orbit
approach. The mathematical equations that were employed in this approach for calculating the
spectra and signal processing are in given detail in the Appendix C.
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Chapter 3. Nickel Incorporation in Solid Hosts 2
3.1. Introduction
In order to take advantage of the Ni2+ sensitization of the Er3+ emissions, the incorporation
of Ni2+ ion in a host needs to be studied as the TM energy level splitting is dependent on the crystal
field strength of the host lattice. For this purpose, the Ni incorporation in solid host matrix such as
TiO2 was studied using several ex situ characterizations and state-of-the-art chemical imaging
techniques. Secondary processing conditions of the TiO2:Ni2+ (15 mol%) sol, such as drying and
annealing, were observed to influence the segregation of NiO clusters in TiO2. The bulk crystal
structures of TiO2:Ni2+ (15 mol%) NPs were identified from XRD and the spatial distribution of
dopants was probed via STEM-EELS. TGA-DSC studies were performed on the pristine and aged
TiO2:Ni2+ powders to elucidate the dopant segregation mechanism in the aged powders.
Furthermore, rapid annealing was performed on the dried TiO2:Ni2+ powders to lock the dopants
into metastable states via quenching. This work demonstrates the ability to incorporate higher
dopant concentrations while still controlling the dopant position in the host lattice, thereby
engineering the electronic landscape for desired photophysical responses, which are fundamentally
important to the working principles of solar cells, photocatalytic devices etc. This work has been
published as “Effect of Moisture on Dopant Segregation in Solid Hosts” in The Journal of Physical
Chemistry C.
3.2. Structural Characterization of TiO2:Ni2+ NPs
The homogeneous sol prepared according to the recipe mentioned in Chapter 2 was dried
at 100 °C followed by annealing at 450 ºC for 2 h in air. The NPs formed were spherical in shape

2

“Reprinted (adapted) with permission from (P. Darapaneni, N. S. Moura, D. Harry, D. A. Cullen, K. M. Dooley and
J. A. Dorman, The Journal of Physical Chemistry C, 2019, 123, 12234-12241). Copyright (2019) American Chemical
Society.”
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and 20 nm in diameter (Figure 3.1 (a)). The XRD patterns of the annealed TiO2:Ni2+ (15 mol%)
NPs are shown in Figure 3.1 (b). TiO2:Ni2+ (15 mol%) NPs that are formed by annealing the
pristine (no aging) powders exhibited a doped anatase phase whereas the aged (48 h) powders
crystallized into separate TiO2 and NiO phases upon annealing. To further confirm this effect of
aging time on NiO segregation, control experiments were performed on 5 and 10 mol% Ni2+ doped
TiO2 NPs. Detailed XRD scans (Figure 3.1 (c)) show that the NPs formed from the pristine
powders did not form NiO clusters whereas the 10 mol% aged powders exhibit a small NiO
diffraction peak at 43.5° after annealing. These results suggest that the formation of NiO clusters
is expected for aged then annealed NPs at doping concentrations beyond the critical solubility limit
(>5 mol%) (Bilecka, Luo et al. 2011, Chou, Huang et al. 2014, Vakhitov, Lyadov et al. 2014). This
is attributed to the interaction of the dopant (Ni2+) in the organo-metallic matrix of the dried
powders with atmospheric moisture. Furthermore, UV-Vis absorption measurements were
performed on these NPs to corroborate the XRD observations and identify the Ni coordination in
the TiO2 matrix. The peaks in the absorption spectra (Figure 3.1(d)) are labeled according to the
crystal field theory for Oh coordination of Ni2+ (Tanabe and Sugano 1954, Tanabe and Sugano
1954, Tanabe and Sugano 1956, Sugano and Tanabe 1958). In addition to the spin-allowed
transitions, the spin-forbidden transitions, 3A2g – 1T1g (G) and 3A2g – 1E (D), are observed in the
reference NiO and NiO-segregated TiO2 NPs due to the spin-orbit coupling and antiferromagnetic
ordering in NiO (Rossman, Shannon et al. 1981, Brik, Camardello et al. 2016).
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Figure 3.1. TiO2:Ni2+ (15 mol%) NPs that are formed from pristine and aged powders are
quantified and imaged using (a) Transmission electron microscope (b, c) X-ray diffraction, and
(d) UV-Vis absorption.
3.3. Local Crystal Structure/Composition of TiO2:Ni2+ (15 mol%) NPs
To better understand the local structural differences in the TiO2:Ni2+ (15 mol%) NPs
formed from pristine and aged powders, HAADF-STEM imaging was performed. The HAADF
image of the TiO2:Ni2+ (15 mol%) NPs that are formed by annealing the pristine powders does not
show high contrast ratio regions, suggesting homogeneous Ni distribution (Figure 3.2(a)). The
corresponding EELS spectrum (Figure 3.2(c)) at the specified beam spot in Figure 3.2(a) exhibits
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peaks corresponding to the Ti L (458 eV), O K (532 eV), and Ni L (852 eV) edges. For the aged
and annealed TiO2:Ni2+ (15 mol%) NPs, separate cubic NiO NPs can be observed (Figure 3.2(b))
and the corresponding EELS chemical maps indicate the segregation of Ni into separate cubic NPs
(Figure 3.2(d)). From the HRTEM/EELS characterization, it is evident that the NiO NPs are
segregated from the host TiO2 for the aged and annealed TiO2.
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Figure 3.2. (a,b) STEM imaging with the insets showing the Ni chemical maps and (c,d) EEL
spectra at the specified beam point. These STEM-EEL spectra demonstrate that NiO NPs are
segregated for air-exposed and annealed TiO2:Ni2+ (15 mol%) NPs.
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3.4. Effect of Ambient Moisture on Dried TiO2/TiO2:Ni2+ Sol
Before turning to understand the effect of these structural differences on the optoelectronic
properties of TiO2:Ni2+ (15 mol%) NPs, it is necessary to shed light on the processing parameters
of the NPs that impacted the formation of these different crystal structures. As shown above, the
aging of the dried powders is the key parameter in controlling the segregation of NiO clusters in
the host TiO2. This aging response in air is likely due to hydroxylation of the dopant followed by
cluster segregation. To verify this, FTIR studies were performed on the dried TiO2:Ni2+ (15 mol%)
powders to identify the surface functional groups (Figure 3.3(a)). Distinct peaks corresponding to
the C–H alkane stretches (2930 and 2970 cm-1) and CH2 bending modes (1380 cm-1) are identified
for the pristine powders (Kratochwil, Wittmann et al. 1993, Dobson and McQuillan 1999, Rasko,
Hancz et al. 2004, Hafizah and Sopyan 2009). Furthermore, a broad O–H stretching mode is
observed in the 3300-3700 cm-1 region. These O–H stretches, corresponding to terminally bound
and bridged hydroxyls, increase in intensity for the aged powders (Finnie, Cassidy et al. 2001),
specifically for the terminally bound -OH species (3540 cm-1) and is attributed to the physisorbed
water molecules (Anpo and Kamat 2010). Simultaneously, a corresponding decrease in the organic
peaks (C–H stretches/CH2 bending modes) is observed for the aged powders. While there are
ethoxide and ethanol groups adsorbed on the surface of the dried TiO2:Ni2+ (15 mol%) powders,
the dampening of the C–H peaks is attributed to the substitution with water (Rasko, Hancz et al.
2004). A similar increase in the hydroxyl concentration and decrease in the organics is observed
for the aged TiO2 powders (Figure 3.3(b)). These FTIR results demonstrate that the dried TiO2:Ni2+
(15 mol%) powders undergo hydroxylation upon atmospheric exposure, and as a result, the surface
hydroxyl concentration is increased for the aged powders.
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Figure 3.3. FTIR spectra of dried TiO2:Ni2+ (15 mol%) powders showing the dampening of
organic peaks and increase in the surface hydroxyl concentration upon aging.
To correlate the observed increased in the hydroxyl concentration with the changes induced
in the ligand field strength of the dried powders upon aging, time-resolved UV-Vis absorption
spectra were collected on the powders prior to annealing. The powder was exposed to the
atmosphere and samples were collected at regular time intervals up to 48 h (Figure 3.4). From
visual inspection, a color change from yellow (pristine powders) to green (aged powders) is
observed upon aging in air (inset of Figure 3.4), consistent with the blue shift of the absorption
spectrum. The yellow to green color change is indicative of a change in the crystal field splitting
energy, 10 Dq. Moreover, previous studies on complex Ni oxides report that the bright yellow
color is a result of distorted octahedral environment whereas the green color corresponds to
octahedral symmetry around the Ni2+ (Rossman, Shannon et al. 1981). This change in the value of
10 Dq and the corresponding change in the local symmetry suggests that the interaction of
atmospheric moisture with the dopant is causing a change in the local bonding environment around
Ni2+ in the host TiO2. The calculated time-dependent 10 Dq values for the aged TiO2:Ni2+ (15
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mol%) sol are tabulated in Table 3.1, indicating the bonding of the cation (Ti/Ni) to more
electronegative hydroxyl groups (Ryutaro 1938).
Table 3.1. Increase in the value of 10 Dq of dried TiO2:Ni2+ (15 mol%) powders with aging time.

Transition

Time (h)

3
A2 - T2 (F)

0

6

48

Expt. 10 Dq

0.92 eV

0.97 eV

1.00 eV

Calc. 10 Dq

0.94 eV

1.04 eV

1.13 eV

3

Figure 3.4. UV-Vis absorption spectra of dried TiO2:Ni2+ (15 mol%) powders exposed to air for
different aging times. The absorption spectrum is blue shifted with increase in the aging time,
consistent with the inset pictures that show color change from yellow to green.
3.5. Elucidation of Crystallization Kinetics of Dried TiO2/TiO2:Ni2+ Sol
Although UV-Vis and FTIR spectroscopic results suggests the hydroxylation of the dried
powders upon aging, they cannot predict the subsequent structural changes during the annealing
process. Therefore, to understand the bond formation during this process, TGA-DSC studies
(Figure 3.5) were performed. The TGA curve in Figure 3.5(a) shows that the weight loss for pure
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TiO2 (1.5%), pristine (3.4%) and aged (29.9%) powders of dried TiO2:Ni2+ (15 mol%) sol in the
lower temperature region (25-125 ºC) is attributed to the physisorbed solvents. The higher weight
loss associated with the 48 h aged powders indicates the volatilization of ethanol from the hydrated
organic matrix, which is consistent with the UV-Vis and FTIR results, suggesting hydroxyl
substitution upon aging. Accordingly, in the DSC plot (Figure 3.5(b)), a broad endothermic peak
is observed for pure TiO2 whereas sharp peaks are observed at 70 ºC and 100 ºC for pristine and
aged powders of TiO2:Ni2+ (15 mol%) due to the evaporation of physisorbed ethanol (Wu, Wu et
al. 2003, Chen, Zhou et al. 2007) and water (Finnie, Cassidy et al. 2001), respectively. With further
increase in temperature for pure TiO2, an exothermic peak corresponding to the combustion of
organic species is observed at 330 ºC followed by anatase crystallization at 400 ºC (Hafizah and
Sopyan 2009). Similar peaks are observed at 230 ºC and 400 ºC respectively for the pristine
powders of TiO2:Ni2+ (15 mol%) (Muniz, Góes et al. 2011). For the aged powders, the first region
(220-330 ºC) is attributed to the removal of the unhydrolyzed isopropoxide groups (Hafizah and
Sopyan 2009) and the second region from 330-400 ºC corresponds to the formation of nickel oxide
phase (Li, Wang et al. 2007, Wu, He et al. 2007). This co-existence of NiO and anatase TiO2
phases in aged then annealed TiO2:Ni2+ (15 mol%) NPs was observed earlier in the XRD patterns
and HAADF-STEM images (Figure 3.2).
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Figure 3.5. (a) TGA and (b) DSC plots of dried TiO2:Ni2+ (15 mol%) powders at different aging
times. The crystallization of TiO2 and NiO is combined in a broad exothermic peak in the aged
TiO2:Ni2+ (15 mol%) powders.
On the basis of above observations, the dopant incorporation and segregation mechanism
in solid hosts is illustrated in Figure 3.6. The doping of Ni in TiO2 follows a nucleation-doping
mechanism (Kalb, Dorman et al. 2018), as the Ti-O-Ni bonds are formed during the
polycondensation step (Lee, Lee et al. 2006, Lynch, Giannini et al. 2015). After drying the sol, an
amorphous organic matrix consisting of Ti-OR-Ni bonds is formed. During the aging process, the
ethoxy groups are displaced by hydroxides from ambient water (Rasko, Hancz et al. 2004). The
hydroxylated clusters of Ti and Ni coexist in the aged powders with the Ti(OH)4 being the more
stable compound due to its low hydroxylation energy (Wang, Navarrete-López et al. 2010)
(Buonsanti and Milliron 2013). Upon annealing, the nanocrystals undergo a self-purification effect
via diffusion of the Ni(OH)2 (Dalpian and Chelikowsky 2006, Yang, Chen et al. 2008) followed
by lattice ejection due to the lower NiO crystallization temperature (Chen, Viswanatha et al. 2009).
Moreover, the segregation of NiO NPs is clearly a function of the concentration of the parent
hydroxylated Ni clusters, resulting in a strong NiO diffraction peak for the aged NPs in the XRD
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pattern (Figure 3.1(a)) and is attributed to the higher probability of Ni-OH formation. This key
finding for the highly doped TiO2 nanocrystals—that the dopant position in the host lattice can be
tailored by varying the secondary processing parameters of the doped TiO2 sol—will provide an
important means to selectively tune the optoelectronic properties of these materials.

O
Ni
Ti

Figure 3.6. Schematic showing the hydration of amorphous organometallic matrix of Ti, Ni upon
aging in air. After annealing, the crystalline phases of NiO and TiO2 co-exist due to the
stabilization of Ti(OH)4 clusters and the lower calcination temperature of NiO.
3.6. Effect of Rapid Annealing on Dopant (Ni2+) Location in Host (TiO2)
In all of the previously mentioned TiO2:Ni2+ (15 mol%) NPs, longer annealing times (2 h)
were employed. However, recent literature reports show that the transformation of amorphous
titania into a crystalline anatase phase can be achieved within 30 min of thermal treatment at
temperatures as low as 350 ºC (Nikodemski, Dameron et al. 2016, Bhosle and Friedrich 2017). In
order to take advantage of this rapid heat treatment for doped TiO2, pristine powders of the
TiO2:Ni2+ (15 mol%) were rapidly annealed at 450 ºC for 30 min. The FTIR spectra (Figure 3.7(a))
shows that lowering the annealing time from 2 h to 30 min has no effect on the combustion of
organic species. However, rapidly annealed dried powders exhibit a poorly crystallized anatase
structure (Figure 3.7(b)). Furthermore, the dopant distribution in these NPs, probed using HAADF-
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STEM coupled with EELS (Figure 3.7(c)), suggests uniform distribution of Ni dopants in TiO2,
with peaks for Ti L edge, O K edge, and Ni L edges (Figure 3.7(d)). These results indicate that
rapid annealing can be performed to lock the dopant in the host lattice. The doped system is
therefore quenched in the metastable state (Ti0.85Ni0.15O2) during the lattice incorporation phase.
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Figure 3.7. (a) FTIR and XRD patterns, (c) HRTEM and (d) EELS spectrum of rapidly annealed
TiO2:Ni2+ (15 mol%) NPs, demonstrating homogeneous doping of Ni in TiO2.
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3.7. Summary
Overall, this chapter discusses how the secondary processing parameters influence the
crystal structure and the optical absorption for the TiO2:Ni2+ NPs. HAADF-STEM images coupled
with EELS confirmed the segregation of cubic NiO NPs from the aged and annealed TiO2:Ni2+
(15 mol%) NPs. This difference due to aging of the dried TiO2:Ni2+ (15 mol%) powders was
investigated using FTIR and time-resolved UV-Vis absorption spectroscopy. Consistent with the
FTIR spectra that show an increase in the surface hydroxyl concentration with aging, the crystal
field splitting energy of the dried powders also increased with exposure time, suggesting the
replacement of ethoxy with hydroxyl groups on surface cations. Furthermore, the NiO segregation
mechanism in the aged and annealed TiO2:Ni2+ (15 mol%) NPs was elucidated from the TGADSC studies. Aging of the dried powders in air results in the formation of Ni(OH)2, which
segregate into large NiO clusters upon annealing. The lower calcination temperature of NiO and
the higher thermodynamic stability of Ti(OH)4/TiO2 clusters favored the coexistence of NiO and
TiO2 phases in the aged and annealed TiO2:Ni2+ (15 mol%) NPs. The effect of annealing time on
the doped system was demonstrated by rapidly annealing the dried TiO2:Ni2+ (15 mol%) powders
for 30 min. The EELS analysis of these NPs show a uniform distribution of dopants (Ni2+) with
peaks corresponding to Ti, Ni, and O elements, indicating that the doped system was quenched in
the metastable state during dopant incorporation. This ability to spatially control the dopant
position in the solid host to engineer the optoelectronic properties of the material will be the first
step towards the development of next generation metal oxide-based photoelectric devices with
tunable properties.
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Chapter 4. Effect of Dipoles on the Valence Band of Ni Doped TiO2 3
4.1. Introduction
Once the TM dopant incorporation in the host matrix is understood, the next step is to
reversibly modify the valence band electronic structure for selective control of the resultant
optoelectronic properties. This was initially demonstrated on TiO2:Ni2+ thin films, which can be
later transformed into a shell layer onto the RE doped core NPs (Cho, Hwang et al. 2006). Weakly
chemisorbed molecular dipoles (para-nitro (NO2) benzoic acid, μ = 3.8 D and para-amino benzoic
acid, μ = -4.5 D) were employed to modify the effective ligand field strength and thereby, the
electronic structure. The real-time evolution of the band structure was probed with ultraviolet
photoelectron spectroscopy (UPS) when functionalized with varying surface coverages of
molecular dipoles. Additionally, electronic structure calculations were performed on isolated
benzoic acid (BZA) ligand molecules and ligand-bonded TiO2/TiO2:Ni2+ surfaces using density
functional theory (DFT). These calculations allowed for elucidating the interrelationship between
the orbital hybridization (substrate valance band/ligand occupied levels) and ligand bonding
geometry. The experimental and theoretical work herein demonstrate that the electronic properties
of doped metal-oxides are directly proportional to the direction and magnitude of the molecular
dipole. This ability to reversibly engineer the electronic structure of TM doped oxides is important
for future applications in spintronics and non-volatile memory devices, which utilize the
phenomenon of spin-state switching (Matsumoto, Newton et al. 2014). This work has been
submitted for review.

3

The work presented in this chapter is currently under review for journal publication.
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4.2. Structural and Electronic Characterization of TiO2/TiO2:Ni2+ Films
TiO2 and TiO2:Ni2+ (10 mol%) thin films were deposited on Si (100) substrates by
following the sol-gel recipe described previously in Chapter 2. Optimum doping concentration of
10 mol% was chosen in order to prevent the phase segregation that was observed at higher doping
concentrations in the case of nanoparticles (Chapter 3). The diffraction pattern of the TiO2:Ni2+
(10 mol%) film indicates that all the major diffraction peaks correspond with the anatase TiO2
structure (Figure 4.1(a)), suggesting the crystalline nature of the doped TiO2 films. Additionally,
X-ray photoelectron spectroscopy (XPS) measurements indicate the presence of Ti, Ni, O, and C
elements in the survey spectrum (Figure 4.1(b)). These results coupled with XRD indicate that the
films are crystalline with uniform Ni distribution in the host TiO2 matrix.
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Figure 4.1. TiO2:Ni2+ (10 mol%) thin films quantified using XRD and XPS (a) grazing incidence
XRD pattern showing the crystalline nature of the film and (b) survey spectrum.
4.3. UPS Measurements on TiO2/TiO2:Ni2+ Films
To further investigate the electronic band structure and verify the homogeneous
distribution of Ni doped TiO2 thin films, UPS measurements were performed at the 5-meter
toroidal grating monochromator (TGM) beamline at the Center for Advanced Microstructures and
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Devices (CAMD), Louisiana State University, as described elsewhere (Kizilkaya, Jiles et al. 2014).
Prior to the measurements, the surface of the TiO2/TiO2:Ni2+ films were cleaned by cycles of 1.5
keV Ne+ sputtering for 15 min followed by rapid annealing to 450 ºC for 5 min. The UPS spectra
were collected at 40 eV (non-resonant) and 46 eV (Ti 3p-Ti 3d resonance) to quantify the
hybridization of the ligand with the Ti 3d energy levels (Thomas, Flavell et al. 2007, Thomas and
Syres 2012). As shown in Figure 4.2, the undoped TiO2 spectrum is composed of three main
features located at 1 eV, 5 eV, and 7.1 eV. The peak within the band gap at 1 eV is attributed to
the Ti3+ surface defects (Syres, Thomas et al. 2012) arising from the formation of oxygen
vacancies during the cleaning cycles (Onda, Li et al. 2004). The shoulder centered at 5 eV is
ascribed to the hybridized O 2p-Ti 3d π-bonding levels (*) and the higher BE peak at 7.1 eV is
attributed to the O 2p-Ti 3d(eg) σ-bonding levels (#) (Liu, Jaegermann et al. 2002, Patterson,
Thibodeaux et al. 2015). The UPS spectrum of TiO2:Ni2+ film confirms a homogeneous Ni
distribution based on the overall shift (0.2 eV) toward the Fermi level and slight increase in the
intensity of the Ti3+ defect peak due to the formation of oxygen vacancies upon Ni doping
(Darapaneni, Kizilkaya et al. 2018). More importantly, the absence of spectral features in the lower
BE region (0-2 eV) indicate that Ni2+ is substitutionally doped into the host TiO2 lattice without
the formation of impurity phases such as NiTiO3, NiO, or metallic Ni (Umebayashi, Yamaki et al.
2003, Darapaneni, Kizilkaya et al. 2018, Darapaneni, Moura et al. 2019).
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Figure 4.2. UPS spectra of undoped TiO2 and TiO2:Ni2+ (10 mol%) film demonstrating the shift
in the binding energy towards the Fermi level upon Ni doping. The defect Ti3+ peak at 1 eV is
due to oxygen vacancies.
4.4. Probing Valence Band Electronic Structure of BZA Adsorbed TiO2/TiO2:Ni2+ Films
Next, para-substituted benzoic acid (BZA) molecular dipoles were adsorbed on the surface
of the pure TiO2 and TiO2:Ni2+ (10 mol%) films via in situ vapor deposition as described in Chapter
2. Figure 4.3 shows the evolving valence band structure and band bending of TiO2 in the low BE
region (0-10 eV), along with the appearance of organic features in both the low (0-2.5 eV) high
BE region (10-20 eV) upon 500 L BZA deposition at room temperature. For the NO2-BZA (μ =
+3.8 D) dosed-TiO2 films (Figure 4.3(a), top), broadening of the main peak at 7.1 eV is observed
and is attributed to the hybridization between the occupied ligand orbitals and the Ti 3d (eg), O 2p
σ-bonding orbitals (Patterson, Thibodeaux et al. 2015). At Ti 3d resonance (46 eV), the main peak
increases in intensity upon NO2-BZA dosing compared to the clean TiO2 surface, which is not
observed under non-resonant energies (40 eV, Figure 4.3(b)). Furthermore, this peak, along with
the lower energy shoulder at 5 eV corresponding to the Ti 3d π-bonding levels, is shifted towards
the Fermi level, which indicate upward band bending with the electron-withdrawing ligand (Zhang
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and Yates Jr 2012). Additionally, a sharp decrease in the intensity of the Ti3+ peak is observed for
the NO2-BZA dosed TiO2 films. While this dampening is primarily due to the re-oxidation of this
site upon preferential bidentate adsorption of the carboxylic acid groups (Pfadler, Coric et al.
2014), the electron-withdrawing nature of the NO2 group also promotes the metal-to-ligand charge
transfer.
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Figure 4.3. (a) Resonant and (b) Non-resonant UPS spectra of NO2-BZA-dosed TiO2 films
demonstrating upward valence band bending according to the direction of the dipole moment of
the ligand. The metal-to-ligand charge transfer is also clearly observed in the defect Ti3+ peak at
1 eV. The difference spectra of dosed-TiO2 films (middle panel) and DOS of the molecule
(bottom panel) is also shown below for comparison.
To elucidate the origin of these spectral features upon dosing, DFT calculations were
performed. The difference spectra, which highlights the ligand derived features, were compared to
the density of states (DOS) of the isolated ligand molecules. The difference spectrum for dosedTiO2 films were generated by subtracting the pure TiO2 (scaled down by a factor of 0.65 to account
for attenuation of the emission from the substrate due to the surface ligand) from the dosed-TiO2
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spectra after correcting for the band energy shifts. The difference spectrum upon NO2-BZA dosing
(Figure 4.3(a), middle) shows a dip at 1 eV which is attributed to the Ti3+ oxidation. The difference
spectrum shows features at higher BE (10-20 eV), agreeing with the NO2-BZA DOS (Figure
4.3(a), bottom), and is attributed to the presence of the non-hybridized ring π-bonding states
(Thomas, Jackman et al. 2014). The molecular HOMO peaks are much narrower than the
experimentally observed peaks because of the exclusion of hybridization effects. However, in the
lower BE region, the ligand occupied states at 5 eV and 7.5 eV are observed in the difference
spectrum, with no signature of the occupied states at 10 eV (#). This deeper energy region (~10
eV) in the substrate UPS spectrum is composed of Ti 3d (eg) and O 2p σ-bonding levels, which
are expected to hybridize with the ligand levels, resulting in the formation of newer ligandsubstrate-derived levels that differ in energy and intensity from the ligand levels. The Kohn-Sham
molecular orbitals for the NO2-BZA (inset of Figure 4.3(b)) also indicate strong hybridization with
the substrate (TiO2) orbitals. Additionally, this phenomenon of orbital hybridization is further
corroborated from the non-resonant UPS spectrum of the NO2-BZA dosed TiO2 film (Figure
4.3(b)) since this excitation energy does not capture the surface ligand-Ti 3d hybridization. In the
non-resonant UPS spectra, all the peaks in the difference spectrum are aligned well with the DOS
of the ligand and the main peak at 7 eV is lower in intensity than the clean surface, both of which
indicate weak hybridization.
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Figure 4.4. (a) Resonant and (b) Non-resonant UPS spectra of NH2-BZA-dosed TiO2 films
demonstrating upward valence band bending according to the direction of the dipole moment of
the ligand. The difference spectra of dosed-TiO2 films (middle panel) and DOS of the molecule
(bottom panel) is also shown below for comparison.
Alternatively, the effect of the electron-donating ligand i.e. NH2-BZA (μ = -4.5 D) on the
electronic structure of TiO2 was investigated after Ne+ sputter-annealing of the previously NO2BZA dosed-TiO2 film (Figure 4.4). A similar broadening of the hybridized peak at 7.1 eV is
observed for electron-donating ligand, i.e. NH2-BZA dosed-TiO2 films, with no noticeable change
in the overall peak intensity or peak position (Figure 4.4(a)). However, minor organic features at
4 eV, 10 eV, and 11.8 eV are observed along with a slight decrease in the Ti3+ intensity, which is
due to the attenuation from ligand coverage (Liu, Jaegermann et al. 2002). In contrast to the NO2BZA dosed-TiO2 films, the difference spectrum of NH2-BZA dosed-TiO2 films at the resonant
energy (46 eV) matches reasonably well with the DOS of NH2-BZA (Figure 4.4(a)), similar to the
non-resonant spectrum (40 eV, Figure 4.4(b)), indicating weak hybridization with the substrate.

66

The lower energy of the Kohn-Sham orbitals of the NH2-BZA adsorbed on the surface of TiO2
also suggest weaker hybridization with the substrate (Figure 4.4(b)). Moreover, this difference in
the hybridization of the BZA ligands with the substrate orbitals has been previously observed in
the X-ray absorption studies of TiO2:Ni2+ films, which indicate strong hybridization of the Ni eg
orbitals with the NO2-BZA ligand compared to the NH2-BZA (Darapaneni, Kizilkaya et al. 2018).
This phenomenon of weak hybridization of the NH2-BZA ligands is attributed to the formation of
reduced dipole moment zwitterionic structures, as reported for amino acids (Thomas and Syres
2012, Pfadler, Coric et al. 2014). Furthermore, the adsorption energies of these ligands on the
surface of TiO2 (Table 4.1) also suggest the formation of zwitterionic NH2-BZA, resulting in an
equilibrium adsorption of both NH2-BZA and zwitterionic NH2-BZA on the surface of TiO2.
Although the zwitterionic NH2-BZA has highest adsorption energy, the binding energies for NH2BZA are also comparable to that of NO2-BZA. Additionally, a systematic trend in the evolving
spectra were observed with other surface coverages for both ligands, indicating that the band
bending shift is proportional to the surface coverage and the magnitude of the effective surface
dipole moment.
Table 4.1. Adsorption energies of BZA ligands in eV on the surface of undoped and Ni doped
anatase TiO2 (101).

Thin film NO2-BZA NH2-BZA NH3+-BZA
458.47 eV

68.48%

464.17 eV

TiO2:Ni
458.58 eV
(15 mol%)

49.41%

464.49 eV

TiO2
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Figure 4.5. UPS spectra of (a) NO2-BZA and (b) NH2-BZA-dosed TiO2:Ni2+ (10 mol%) films,
demonstrating dipole-dependent band bending. The difference spectra of dosed-TiO2 films
(middle panel) and DOS of the molecule (bottom panel) is also shown below for comparison.
4.5. Relationship between Ligand Binding Geometry and Orbital Hybridization
To understand the effect of molecular dipoles on doped metal-oxides, TiO2:Ni2+ films were
also dosed with these BZA ligands (Sato and Katayama-Yoshida 2002). Analogous to the NO2BZA dosed-TiO2 films, the UPS spectrum of NO2-BZA dosed-TiO2:Ni2+ films (Figure 4.5(a))
shows broadening of the main peak at 7 eV, shifting of the Ti 3d π-bonding levels (~ 5 eV) to
lower BE, and extreme dampening of the Ti3+ defect peak. Similarly, for the NH2-BZA dosedTiO2:Ni2+ films (Figure 4.5(b)), hybridization of the Ti 3d (eg) with the ligand occupied levels was
observed from the broadening of the main peak at 7 eV, and a slight blue shift of the valence band
spectra to higher BE is noticed. Moreover, the difference spectra for both NO2-BZA and NH2BZA dosed-TiO2:Ni2+ films match well with the calculated DOS of the isolated ligand molecules
(Figure 4.5). While this is expected for the NH2-BZA bonded TiO2:Ni2+ films due to the formation
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of zwitterionic structures resulting in weak hybridization, it was not expected for the NO2-BZA
bonded TiO2:Ni2+ films. To explain this difference between the NO2-BZA bonded TiO2 and
TiO2:Ni2+ films, the bonding geometry of the ligand on these films was identified from DFT
calculations performed using Vienna Ab initio Simulation Package (VASP) (Kresse and
Furthmüller 1996, Kresse and Furthmüller 1996). The DFT calculations on NO2-BZA bonded
TiO2 and TiO2:Ni2+ (101) surfaces reveal that the bidentate bonding geometry with the
deprotonation of the carboxyl groups (Wagstaffe, Thomas et al. 2016) is the most stable binding
mode for NO2-BZA on the surface of undoped TiO2. Whereas for TiO2:Ni2+ (101) surface (Figure
4.6), the presence of both monodentate and bidentate bridging modes of NO2-BZA is identified.
Although the bidentate bridging mode is the most stable binding geometry on the surface of anatase
TiO2, the binding geometry is a function of the surface structure exposed to the ligand that changes
upon Ni doping (Thomas and Syres 2012). Therefore, the weak orbital overlap is a result of the
modified binding geometry, as observed from resemblance of the difference spectra of dosedTiO2:Ni2+ films with the DOS of the BZA ligands (Wagstaffe, Thomas et al. 2016). Collectively,
these DFT results confirm that the experimentally observed hybridization of the ligand-substrate
orbitals reflects the ligand binding geometry (Zhang and Yates 2010). More importantly,
incorporation of transition metal dopants changes the hybridization of the higher energy σ-bonding
Ti/Ni 3d (eg) levels with the ligand, causing different ligand binding geometry.
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Figure 4.6. Monolayer on TiO2:Ni2+ (10 mol%) film showing a mixed monodentate and bidentate
configuration of the NO2-BZA ligand.
The experimental UPS spectra, in conjunction with the DFT adsorption energy
calculations, affirm that the band bending and the substrate-ligand orbital hybridization is a
function of the effective dipole moment of the ligand. Since the NH2-BZA adsorbed on the surface
of TiO2 partly transforms into the zwitterionic structure, weak orbital hybridization and no
significant band bending is noticed. Upon Ni doping, lower adsorption energies were observed,
which are indicative of the weak hybridization between the ligand and the substrate levels,
resulting in a monolayer of mixed monodentate and bidentate configuration. Furthermore, these
differences in the adsorption energies, which are indicative of the binding geometry/strength are
reflected in the experimental UPS spectra. The peak around 10 eV in the difference spectra is
ascribed to the substrate σ-bonding levels (Patterson, Thibodeaux et al. 2015) that hybridize with
the ligand levels (Darapaneni, Kizilkaya et al. 2018). This peak is absent in the difference spectrum
of NO2-BZA dosed-TiO2 films, indicating strong hybridization that results in the formation of
newer ligand-derived electronic levels. For the remaining dosed-films, this peak is observed in the
difference spectra due to the weak hybridization between the substrate and the ligand levels that is
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attributed to the formation of reduced dipole zwitterionic structures (Blaricom and Gilbert 1939)
and different binding patterns.
4.6. Summary
In summary, the valence band UPS spectra and DOS calculations of undoped TiO2 and
TiO2:Ni2+ bonded to BZA ligands were presented in this chapter. The experimental results reveal
that the dipole moment of the surface ligands can be employed to reversibly tune the valence band
bending of doped metal-oxide surfaces. Furthermore, the DOS calculations for the isolated BZA
ligands coupled with the DFT of the ligand-bonded substrate films indicate a clear relationship
between the ligand bonding strength/geometry and the hybridization of the ligand with the
substrate levels. Moreover, selective control over hybridization between the ligand and Ti 3d (eg)
levels is observed with Ni doping, which is crucial in resistive memory switches applications.
Overall, this method of optimizing the interfacial orbital hybridization between the valence levels
of the semiconductor and adsorbate using surface dipoles of opposite polarity, provides an
important means to develop chemically and mechanically robust doped metal-oxide alternatives
for adaptive electronic applications.
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Chapter 5. Effect of Dipoles on the Conduction Band of Ni Doped TiO2 4
5.1. Introduction
In Ni doped TiO2, Ni forms interband gap d states in the band gap of TiO2, which shift in
energy according to the dipole moment of the surface ligand. To particularly probe this effect of
surface ligands on the Ti/Ni d orbitals and correlate the observed shift to the 10 Dq of Ni2+ for
predicting the optical absorption, XANES measurements for performed. XANES probes the
electronic transitions from occupied to the unoccupied states, is employed to investigate the
conduction band of TiO2:Ni2+. This method of directly probing the energy of the d-orbitals allows
for estimating the value of 10 Dq, which is essentially the energy gap between the t2g and eg
orbitals. Additionally, the experimental XANES spectrum is modelled using a ligand-field
multiplet software to elucidate the local geometric structure changes upon surface
functionalization with ligands. Effectively, these experimental results, in conjunction with the
calculations, provide an important means to correlate the dipole moment of the surface ligand to
the 10 Dq, which dictates the resultant optoelectronic properties of TM doped hosts. This work
has been published as “Weak Field Tuning of Transition Metal Dopant Hybridization in Solid
Hosts” in The Journal of Physical Chemistry C.
5.2. Local Crystal Structure/Composition Measurements on TiO2/TiO2:Ni2+ Films
After spin coating the aged TiO2/TiO2:Ni2+ (15 mol%) sol onto Si substrates according to
the recipe mentioned in Chapter 2, initial structural and optical characterizations were performed.
First, to verify the Ni incorporation, UV-Vis absorption spectra was collected for pure TiO2 and
TiO2:Ni2+ (15 mol%) sol deposited on glass substrates (Thickness ~500 nm) before annealing.
Characteristic Ni2+ absorption peaks were identified, as shown in Figure 5.1(a), (Donegan, Bergin
4

“Reprinted (adapted) with permission from (P. Darapaneni, O. Kizilkaya, Z. Wang and J. A. Dorman, The Journal
of Physical Chemistry C, 2018, 122, 22699-22708). Copyright (2018) American Chemical Society.”
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et al. 1986) and assigned to their respective electronic transitions between the t2g and eg levels
according to theory for d8 electronic configuration in octahedral symmetry (Tanabe and Sugano
1954, Tanabe and Sugano 1954, Tanabe and Sugano 1956, Sugano and Tanabe 1958) (inset of
Figure 5.1(a)). An extracted 10 Dq value of 1.10 eV was obtained from the UV-Vis spectrum,
which is less than pure TiO2 (10 Dq = 1.8 eV) (Finkelstein, Zabolotzky et al. 2002). Figure 5.1(b)
shows the GI-XRD pattern of the pure TiO2 film annealed at 450 °C with all the peaks indexed to
anatase TiO2 (JCPDS# 12-1272). In TiO2:Ni2+ film, the crystal structure was observed to be
amorphous, which was attributed to the inability to measure the non-conformal film, instead
probing the native SiO2 layer. Therefore, in order to probe the local crystal structure and the
distribution of Ni dopants in the TiO2:Ni2+ film after annealing, aberration-corrected HRTEM
imaging was performed in conjunction with EELS chemical mapping. Bright field HRTEM images
(Figure 5.1(c)) indicate the presence of two phases which were identified as TiO2 and an oxide
phase formed by Ni and Ti (yellow outline). Lattice spacings of 3.54 Å and 1.91 Å were identified
for (101) and (020) planes of anatase TiO2 (Ding, Chen et al. 2011). Furthermore, the slight
expansion observed in the lattice of TiO2 is attributed to the larger Ni ion incorporated as a
substitutional dopant (Karthik and Jaya 2011). The yellow outlined region is the Ni dense phase
in the TiO2 film. The lattice fringe spacing in this region was extracted as 2.12 Å, which matches
to the (002) plane of NiTiO3 (Posnjak and Barth 1934). Although, the formation of NiTiO3 phase
is not favored at temperatures below 600 °C (Karimipour, Wikberg et al. 2011, Qu, Zhou et al.
2012, Bellam, Ruiz-Preciado et al. 2015), the lower solubility of the dopant (Ni) and higher
annealing temperatures (450 ºC) resulted in the agglomeration and growth of the NiTiO3 clusters
in the TiO2 network (Karimipour, Wikberg et al. 2011). The EELS compositional mapping (Figure
5.1(d-f)) shows the chemical maps for Ni, Ti, and O elements in the highlighted region (Ni dense)
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of Figure 5.1(c). The elemental maps also indicate the formation of a mixed phase of Ni, Ti, and
O and sparsely distributed Ni in TiO2 film. These results corroborate the dopant segregation
phenomenon observed in Chapter 3 for TiO2:Ni2+ NPs at higher doping concentrations. For this
case of TiO2:Ni2+ (15 mol%) thin films, higher doping concentrations (~ 15 mol%) has resulted in
the segregated phase of NiTiO3. In either case of TiO2:Ni2+ or NiTiO3, the local symmetry of Ni
remains unchanged, i.e., Ni dopant ions are bonded to six O ions in an octahedral (Oh) symmetry.
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Figure 5.1. TiO2:Ni2+ (15 mol%) thin films imaged and quantified using (a) UV-Vis absorption
spectra, inset shows the Oh coordination of Ni2+ and electronic transitions according to theory (b)
GI-XRD pattern of TiO2 thin film is indexed to anatase TiO2 (JCPDS# 12-1272) (c) Bright field
HRTEM image of the TiO2:Ni2+ films showing TiO2 and Ni dense regions (highlighted in
yellow), and (d-f) EELS chemical mapping of Ni, Ti, and O elements. The scale bar in Figures
5.1(c-f) is 5 nm.
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5.3. Local Effect of Surface Ligands on TiO2/TiO2:Ni2+ Films
In order to understand the effect of the external dipole moment on the TM hybridization in
a solid host, the as-prepared TiO2:Ni2+ films were functionalized with para-substituted BZA
ligands via carboxylic acid chemistry (Goh, Scully et al. 2007) as mentioned in Chapter 2. These
carboxylic acids bridge to the surface of TiO2 in a bidentate fashion resulting in a dipole moment
normal to the surface, changing the electron affinity of the organic (ligand) - inorganic (film)
interface (Jankovic, Saponjic et al. 2009). The C-H stretches were identified with FTIR (Figure
5.2(a)) for both the ligand-bonded samples around 2800-3000 cm-1 indicating that the organic
group was bound to the surface (Sundaraganesan, Ilakiamani et al. 2007). Furthermore, the NO2
symmetric stretching mode was also observed at 1370 cm-1 for NO2-BZA functionalized sample
(Osawa and Ikeda 1991).
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Figure 5.2. (a) FTIR spectra and (b) XPS Ni 2p spectra of ligand-bonded TiO2:Ni2+ (15 mol%)
thin films, indicating the presence of NO2 and NH2 groups and no change in the oxidation state
of Ni upon surface modification.
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After surface modification, the XPS Ti 2p spectra was expected to remain unchanged as
the spectra is dominated by the bulk of the crystal, whereas the adsorbate dipole moment acts near
the surface (Rajh, Chen et al. 2002). The 2p3/2 and 2p1/2 main peaks (Figure 5.2(b)) of Ni in
TiO2:Ni2+ shifted less than half an eV, suggesting no change in the oxidation state after ligand
bonding. The asymmetric 6 eV satellite peak is due to the screening of the two-hole state, core
hole and 3d hole, by the wide 4s band (Grosvenor, Biesinger et al. 2006). Furthermore, the
interatomic wave function mixing of the Ni 3d states and the ligand p states influence the screening
of these multiplet effects (Grosvenor, Biesinger et al. 2006). In the present case of surface modified
TiO2:Ni2+ films, the aromatic surface ligands are expected to delocalize the hole wave functions,
i.e, conduction band 3d orbitals of the inorganic layer (Teunis, Nagaraju et al. 2017). Despite the
slight changes in the 6 eV satellite peak positions of the ligand-bonded TiO2:Ni2+ films, it is hard
to decipher the effect of electronegativity of the ligand on the core states of Ni 2p, due to various
factors such as instrument resolution, interatomic wave function mixing (Ni 3d – O 2p) (Jana,
Lawrence et al. 2016), and atomic multiplet coupling.
5.4. XANES Measurements on Surface-Modified TiO2/TiO2:Ni2+ Films
As observed from the Ni XPS spectra, the formation of the new oxide phase NiTiO3 has
not affected the structure of TiO2, suggesting that the surface of TiO2:Ni2+ film has octahedrally
coordinated Ni2+ and Ti4+ ions. However, there is no strong evidence from XPS that suggests the
perturbation of site symmetry or core level energy of these ions upon ligand bonding. Therefore,
in order to understand the subtle changes in the electronic and geometric structure of the inorganic
film at the hybrid interface, XANES was employed. The O K edge spectra (Figure 5.3(a))
demonstrates the electronic transitions from O 1s to the derived states of O 2p. The t2g and eg
splitting of the Ti 3d states hybridized with O 2p states is evident in the low energy region of
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TiO2:Ni2+ film, whereas the higher energy spectral features indicated the formation of Ni-O bond.
The broadening of these spectral features also indicates the absence of long-range order of the
local lattice (De Groot, Grioni et al. 1989), as observed in XRD. Figure 5.3(b) shows the TEY
spectrum of Ti LIII (2p3/2 – 3d, 460.8 eV) and LII (2p1/2 – 3d, 468.4 eV) edges of pure and TiO2:Ni2+
films. The doublet of the eg band in TiO2 LIII edge is attributed to the non-degenerate 𝑑𝑑𝑧𝑧 2 and

𝑑𝑑𝑥𝑥 2 −𝑦𝑦 2 , which is a signature of anatase crystal structure (Henderson, Liu et al. 2002). This splitting
dampens upon Ni doping due to the oxygen vacancies altering the Ti-O bonding environment,

causing non-cubic structural distortion in TiO2:Ni2+ film (Radtke, Lazar et al. 2006, Chen, Dong
et al. 2015). Moreover, the onset of the absorption edge for TiO2:Ni2+ films is shifted to lower
binding energies due to the presence of Ti3+ ions as observed in Ti 2p XPS of TiO2:Ni2+ (15 mol%)
films (Stoyanov, Langenhorst et al. 2007). After surface modification, the O K edge (Figure 5.3(c))
and Ti LIII/II edge (Figure 5.3(d)) spectra for TiO2:Ni2+ films indicated a change in the crystal field
splitting energy (10 Dq). The XANES spectra of Ti and O in the surface modified TiO2 films did
not show any difference with surface functionalization due to the weak penetration of these ligand
fields. The energy splitting between the t2g and eg hybridization peaks in the O K edge (De Groot,
Grioni et al. 1989) of TiO2:Ni2+ films is proportional to the adsorbate dipole moment of the ligand
(Tsuchida 1938). In addition to the spectral differences in the lower energy region, the higher
energy spectral features of O K edge, which correspond to the O 2p hybridization with the Ti/Ni
valence levels also indicate significant differences with the ligand. The onset of the second peak
in the O 1s – O 2p (4sp) region suffered a shift of about 0.1 eV from the reference TiO2:Ni2+ (15
mol%), suggesting a change in the hybridization of the O 2p orbitals with the ligand. Moreover,
the broadening of these peaks for the NO2-BZA bonded films, indicate the covalent nature of the
metal-oxygen bond accompanied with slight geometric distortion at the hybrid interface (De Groot,
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Grioni et al. 1989). In the Ti L edge spectra, while the Ti LIII/II edge peak positions are indicative
of the crystal field splitting, de Groot and co-workers showed that the FWHM of the eg peak in the
Ti LII edge is also proportional to the 10 Dq (De Groot, Fuggle et al. 1990). The Ti LII edge spectra
show a systematic increase in the FWHM of the eg peak with an increasing ligand dipole moment.
The ∆E in O K edge peak positions and FWHM of the eg peak in Ti LII edge are tabulated in Table
5.1.
Table 5.1. ΔE of O K edge and FWHM of eg peak in Ti LII edge for surface modified TiO2:Ni2+
(15 mol%) films, indicating the crystal field splitting shifts as a function of the surface dipole
moment.
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Figure 5.3. XANES spectra for pure TiO2 and TiO2:Ni2+ (15 mol%) thin films, (a) O K edge, (b)
Ti L edge. For surface modified TiO2:Ni2+ (15 mol%) films (c) O K edge, (d) Ti L edge. The
change in the O K edge ΔE and the eg Ti LII edge FWHM are proportional to ligand
5.5. Effect of Surface Ligands on Ni L Edge XANES in TiO2:Ni2+ Films
To acquire the fingerprint analysis on the 3d electronic states of Ni which are influenced
by surface ligands, XANES spectra for Ni L edge in the TiO2:Ni2+ film was collected. The Ni LIII/II
edge spectra (Figure 5.4(a)) for ligand bonded TiO2:Ni2+ films are split into LIII and LII edges due
to 2p spin-orbit coupling. The two peaks in LII edge correspond to the 3d states (t2g, eg) of Ni2+ ion
bonded to O2- in Oh symmetry (Matsuo, Sakaguchi et al. 2001, Radtke, Lazar et al. 2006). A clear
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shift is observed in the LII edge t2g/eg peak intensities as a function of the adsorbate dipole moment.
This difference is attributed to the change in the Ni eg – O p hybridization or the change in the
dipole oscillator strengths with the ligands (De Groot, Fuggle et al. 1990, Guo, Sørensen et al.
2016). The well-resolved multiplet structure on the LIII and LII edges of NH2-BZA bonded films
compared to that of NO2-BZA films suggest the ionic nature of the Ni-bond (Wang, Ralston et al.
2000), which is attributed to the weaker metal-oxygen orbital overlap.
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Figure 5.4. (a) Experimental Ni L edge spectra of surface modified TiO2:Ni2+ (15 mol%) films
showing a change in the branching ratio (t2g/eg) in LII edge as a function of the ligand. (b) A
comparison between calculated and experimental data for the Ni L edge spectra.
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5.6. Modelling the Effect of Surface Ligands on Ni L Edge XANES using CTM4XAS
The LIII/II edge XANES spectra of Ni2+ in TiO2:Ni2+ was simulated using a ligand field
dependent simulation software, CTM4XAS (De Groot, Fuggle et al. 1990, Stavitski and De Groot
2010). These structures have been modeled in past with distorted symmetries (D3d/D2d)
demonstrating no difference with the Oh symmetry (Radtke, Lazar et al. 2006). The key parameters
involved in these calculations are ligand field parameter (10 Dq), charge transfer energy (Δ),
Hubbard core-hole potentials (Upp, Upd), slater integrals (Fpp, Fpd), and the hopping parameters
((T(t2g), T(eg)). The values for these parameters were obtained from previous calculations and are
summarized in Table 5.2 (Stavitski and de Groot 2008, Stavitski and De Groot 2010). The value
of 10 Dq used in these calculations was obtained from the UV-Vis absorption spectra.
Furthermore, it was observed that changing the value of 10 Dq does not simulate the
experimentally observed variation in Ni LII edge (t2g/eg) branching ratio. Therefore, to understand
the effect of electronegative/electropositive ligand on the hybridization of the Ni2+ 3d states, all
the parameters except the hopping parameters were based on literature (Figure 5.4(b)). The Ni
LIII/II edge spectra of NH2-BZA bonded TiO2:Ni2+ film was modeled using standard hopping
parameters (T(eg) = 1.8, T(t2g) = 1) in Oh environment (De Groot 2005). Simulations show that
shift in the onset of the absorption edge in NH2-BZA bonded TiO2:Ni2+ films to higher energies is
due to the spin exchange interactions. The Coulomb (U) and charge transfer energies (∆) increase
for electron donating ligands (NH2-BZA) bonded TiO2:Ni2+. This is attributed to an electron
addition to the high-spin Ni2+ 3d8 state requiring additional spin exchange stabilization energy,
pushing the leading absorption edge to higher energies (Qiao, Chin et al. 2013). On the other hand,
for NO2-BZA bonded films, the simulated spectra matched the experimental results by considering
strong ligand character in the ground state 3d8L orbitals. This is done by setting the values of the
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hopping parameters of t2g and eg equal to 1.8, indicating strong mixing between the t2g, eg orbitals
(De Groot, Fuggle et al. 1990, De Groot 2005, Stavitski and De Groot 2010). Furthermore, these
non-standard values of hopping parameters suggest geometric distortion at the interface, i.e. the
transformation of an octahedron (Figure 5.4(c)) into a low symmetry structure such as square
planar, as shown in Figure 5.4(d). From an experimental standpoint, the mixing of the t2g and eg
energy levels in NO2-BZA bonded films can be attributed to the strong covalent nature of the NiO bond. Additionally, the increased intensity of the eg peak in NO2-BZA bonded films corresponds
to the reduced electron density in the Ni 3d states. Both of these effects were observed in the O K
edge spectra of the NO2-BZA bonded films (Figure 5.3(c)). However, as the model suggests, the
transformation of an octahedron to square planar structure involves distinct structural changes
accompanied by oxygen vacancies (Wu, Zheng et al. 2012), which was not observed with the other
characterization techniques. Therefore, the observed branching ratio in NO2-BZA bonded
TiO2:Ni2+ film can be interpreted as a slight breaking of the Oh symmetry due to the elongation
along the axial (eg orbital) direction of the Ni atom as shown in Figure 5.4(e).
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Table 5.2. Parameters employed in CTM4XAS simulations
Parameters

Symbol

Value

Slater Integrals

Fpd, Fdd, Gpd

0.8, 0.8, 0.8

Symmetry

Oh

Oh

Crystal Field
Splitting

10 Dq

1.1 eV

Spin Orbital
Coupling

SO Reduction

1

Charge Transfer

∆

3 eV

Hubbard Potentials

Udd, Upd

6, 8 eV

Hopping Parameters

T(eg), T(t2g)

1.8, 1; 1.8,1.10

5.7. Relationship between d-Orbital Energy Landscape and Crystal Field Splitting Energy (10 Dq)
The interplay between the surface dipole, electronic states, p-d hybridization, and the
crystal field splitting energy of Ni2+ 3d orbitals is illustrated in Figure 5.5. The electronic structure
of TiO2:Ni2+ (Figure 5.5(a)) shows the formation of interband gap Ni 3d states, which resulted in
lowering of the Fermi energy (Matsumoto, Katayama et al. 2010). The energy of these interband
gap Ni 3d states is manipulated by the ligand due to hybridization (Figure 5.5(b)) with the
neighboring O atoms resulting in a shift in orbitals energy proportional to the crystal field splitting.
This ability to tune the local crystal field allows for control of the optical states via the modified
hybridization of TM eg orbitals as shown in Figure 5.5(c). Unfortunately, the shift was not
detectable in the UV-Vis measurements due to the weak absorption of the thin, non-conformal
films. However, the surface sensitive XANES measurements identified the change in the electron
density in the valence 3d states of Ni2+ with the ligand. Effectively, the surface dipole manipulates
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the energy of Ni 3d more than bulk Ti 3d orbitals, impacting the electron density in those orbitals.
In particular, the eg orbitals, which are pointed towards x, y, and z axes (De Groot, Fuggle et al.
1990) overlap with the p orbitals of the neighboring O atoms, wherein the strength of the
hybridization is determined by the nature of the dipole. As seen with the XANES spectra, the
change in the hybridization of the Ni-O bond in TiO2:Ni2+ film is quantified by the shift in the Ni
LII edge branching ratio (t2g/eg), FWHM of the eg peak in the Ti LII edge, and the ΔE of the O K
edge. This congruency among the valence level spectra of all the elements reinforces the fact that
the electronic structure of TM dopant in a solid host is a function of the dipole moment of the
surface ligand.
(a)

(b)

(c)

Figure 5.5. Schematic showing the change in the (a) electronic band structure of TiO2:Ni2+,
indicating lowering of the Fermi level compared to pure TiO2, (b) energy of Ni 3d states, and (c)
10 Dq of the crystal with external chemical dipole.

5.8. Summary
In summary, this Chapter presents the effect of molecular dipoles on the conduction band
(3d orbitals) using a combination of experiments and theoretical modelling. First, the crystalline
nature of the TiO2:Ni2+ (15 mol%) film was locally determined using HRTEM to identify the
presence of TiO2:Ni2+ and NiTiO3 phases. Furthermore, spatial mapping of these films using EELS
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confirmed those two phases. Surface functionalization of these inorganic films was performed with
weak BZA ligands via carboxylic acid chemistry to apply a weak external field in the form of a
dipole moment. The surface dipoles were observed to show no effect on the pure TiO2 films owing
to the bulk-like characteristics of the elements present in the film. The influence of the surface
dipole on core and valence electronic states of the TM dopant in TiO2:Ni2+ was systematically
investigated by surface sensitive characterization techniques such as XPS and XANES. The results
from these characterization methods point to the change in the ligand character of the Ni 3d
orbitals. It is implicitly proven that the overlap between the Ni 3d orbitals and O 2p orbitals is a
function of the dipole strength of the surface ligand. This ability to control the hybridization of
TM ion in a solid host via weak external fields can be utilized to engineer the optical and magnetic
responses in a device. Specifically, the adaptive optical properties of TM doped solids can be
coupled with the steady rare earth emissions in inorganic phosphors to obtain dynamic
luminescence and thereby, minimize the usage of multiple rare earth doped Red-Green-Blue
(RGB) phosphors (Lorenz, Rao et al. 2016).
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Chapter 6. First-Principles Simulations for Probing Field-Modulated dOrbitals5
6.1. Introduction
While the previous chapter demonstrates the effect of the surface ligands on the XANES
spectra of TiO2:Ni2+, the physical origins behind these spectral changes were not discussed.
Therefore, this chapter focuses on elucidating the interactions of the applied fields with the dorbitals using first-principles simulations. These simulations will not only assist in understanding
the field-modulated electronic structure, but also will provide a direct correlation between the
applied field and the optoelectronic properties of the material. For this purpose, bulk-mimicking
TiO2 clusters were constructed and static electric fields were applied to emulate the ligand fields.
The evolving Ti L edge XANES spectra in the presence of applied fields was computed using a
spin-orbit (SO) coupling inclusive version of RT-TDDFT. It is important to mention that the
geometry of the cluster is not optimized under the application of these fields. The calculations
clearly indicate a change in the d-orbital energies and hybridization upon application of external
fields. Moreover, it was observed that the applied field strength is directly proportional to the value
of 10 Dq. Overall, these first-principles simulations allow for predicting the optoelectronic
properties of TM doped hosts, which assist in screening new RE-TM pairs for tunable
luminescence. This work is currently being written up for a manuscript.
6.2. Validation of Approach
While there are many ab initio methods to calculate the core/valence level XANES spectra
(Meyer, Manthe et al. 1990, Matsuo, Sakaguchi et al. 2001, Nest, Klamroth et al. 2005,
Wijewardane and Ullrich 2008, Huber and Klamroth 2011, Lopata and Govind 2011, Josefsson,

5

The work presented in this chapter will be submitted for a journal.
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Kunnus et al. 2012, Kvaal 2012, Wenzel, Wormit et al. 2014, Provorse and Isborn 2016), TDDFTbased methods are especially convenient for solid-state systems due to the good tradeoff between
reasonable computational cost and predictability (Bruner, LaMaster et al. 2016). Although the
periodic TDDFT approaches are more common, atom-centered basis sets offer numerous
advantages including efficient evaluation of hybrid functionals and an all-electron description of
the core states (Heyd and Scuseria 2004). First, the Ti9O38H60 clusters were created by following
the procedure mentioned in Chapter 2. Before computing the effect of electric fields on the XANES
spectra using a two-component SO included RT-TDDFT, the XANES spectra of anatase TiO2 was
computed without an applied field to validate the computational approach. A smaller 41 atom
cluster Ti3O14H24 (Figure 6.1(a)) was carved from the large 107 atom cluster Ti9O38H60 with
resulting molecular orbitals similar to those of the large cluster, i.e., the “valence band” dominated
by O 2p, and the “conduction band” dominated by Ti 3d orbitals. The optical band gap was
calculated to be 3.66 eV using linear response TDDFT, which overestimated the band gap
compared to the experimental value (3.2 eV) due to the quantum confinement effects observed in
smaller clusters. Based on these results, the smaller 41 atom cluster was employed for all
subsequent calculations.
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(a)

(b)

Figure 6.1. Bulk anatase mimicking pseudo-H passivated Ti3O14 cluster and (b) Comparison of
experimental versus calculated XANES of Ti L edge in anatase.

6.3. Simulated versus Experimental XANES Spectra on Anatase TiO2
Figure 6.1(b) shows the computed Ti L-edge XANES spectrum for 41 atom cluster, as well
as the experimental spectrum (Darapaneni, Kizilkaya et al. 2018). Further, to match the
experiment, we include energy dependent broadening (see SI) and then shift our XANES spectrum
by +1 eV to account for core-hole relaxation effects that are inadequately captured by TDDFT.
Overall, it is observed that there is good agreement with experimental spectra, including the value
of value of 10 Dq. The two-component SO TDDFT captures both the LIII (Ti 2p3/2 → Ti 3d) and
LII (Ti 2p3/2 → Ti 3d) edges, as well as their splitting (~6 eV). The peak splitting of the eg peak in

the LIII edge is attributed to 𝑑𝑑𝑧𝑧 2 and 𝑑𝑑𝑥𝑥 2 −𝑦𝑦 2 orbitals due to the deviation of the Ti from Oh
symmetry in anatase (Henderson, Liu et al. 2002). However, in the simulated spectra, the peak

intensities of these eg peaks are reversed, likely due to finite size effects or DFT functional
deficiencies (Dwyer and Tozer 2010). Moreover, this observation that the XANES spectra are
converged with cluster size for 3 Ti atoms is consistent with previously reported restricted open89

shell configuration interaction calculations of TiO2 using the B3LYP functional (Maganas, DeBeer
et al. 2014).
6.4. Field-Modulated XANES Spectra on Anatase TiO2
To elucidate the interactions of the applied fields with the d-orbitals and the resulting TM
L edge XANES spectra, weak static electric fields ranging from 0 to 0.07 V/nm were applied in
the x-axis direction on the Ti3O14H24 cluster. Similar calculations with fields applied in y and zaxes were performed but did not show significant differences. To better resolve the spectral
features, the Ti L edge XANES spectra shown in Figure 6.2(a) is uniformly broadened. First, a
subtle red-shift of the LIII edge t2g peak, along with an increase in the intensity of the 𝑑𝑑𝑥𝑥 2 −𝑦𝑦2 (∗)
component of the eg peak is observed with increasing field (Figure 6.2(b)). This increase in the
𝑑𝑑𝑥𝑥 2 −𝑦𝑦 2 (*) peak, which is more sensitive to the x-field is indicative of increased vacancy or p-d

hybridization. Since the geometry is constrained in the presence of fields, this red-shift in the
conduction band orbitals (t2g) is solely an electronic effect. Second, the value of 10 Dq, calculated
from the energy gap between the tg and eg (𝑑𝑑𝑧𝑧 2 , #) peak in the Ti LIII edge (Figure 6.2(b)) increases
with increasing field. At small magnitude of fields (~0.03 V/nm), this effect is negligibly small

whereas at higher fields (~0.07 V/nm), the broadening of the 𝑑𝑑𝑧𝑧 2 (#) peak and increase in 10 Dq

is clearly observed.
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Figure 6.2. Field Modulated Ti L edge XANES spectra and (b) Ti LIII edge XANES spectra,
showing the increase in the value of 10 Dq with increasing fields.

Both of the simulated spectral changes have been reported in the experiments in Chapter 5
as well (Darapaneni, Kizilkaya et al. 2018). With increasing applied ligand fields on TiO2:Ni2+ (15
mol%) thin films, the eg peak in the Ni L edge spectra was observed to increase in intensity. In
specific, for positive dipole moment ligands bonded to the Ni2+, the eg band shows an increase in
the peak intensity due to the lowered electron density in those orbitals. This is because of strong
hybridization between the Ni eg-O 2p orbitals, causing a slight distortion in the geometry of the
Ni2+ ion. These experimental results indicate that the changes in the electronic structure are
accompanied by structural changes at the organic-inorganic interface, resulting in a variation of
the optoelectronic properties. However, in all of these calculations, the geometry was not
reoptimized under fields, indicating that the external fields primarily influence the electronic
structure and not the geometry. Furthermore, the value of 10 Dq, which was calculated from the
experiments from the FWHM of the eg peak in the Ti LII edge and the t2g-eg gap in the O K edge
were observed to increase with increasing field. The replication of the trends in the experimental
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spectra and the simulated spectra indicates the robustness and accuracy of the computational
approach for calculating the electronic structure. On a fundamental basis, these changes in the
XANES spectra indicate that the eg orbitals, which are pointed along the x, y, and z-axis increase
in energy upon application of external fields. This is because of the increased overlap with the
ligand p states that results in strong hybridization between the TM ion and the surrounding ligand.
6.5. Analysis of d-Orbitals from Energy Level Diagrams
In order to corroborate the red shift in the t2g peaks upon application of fields, energy
diagrams were calculated on Ti3O14 cluster with fields. These energy diagrams were performed by
using the d-orbital contributions (conduction band) from all the three Ti atoms in the Ti3O14 cluster.
The energy diagram shown in Figure 6.3 indicates a clear red shift on the onset of the Ti d-orbitals
with increasing fields, similar to the simulated XANES spectra (Figure 6.2(a)). Upon application
of the fields, the energy of the conduction band d orbitals is reduced, suggesting an increased
hybridization with the ligand p orbitals. These results further confirm the claim that the external
fields primarily influence the d-orbital energy landscape without affecting the TM geometric
coordination. More importantly, this change in the d-orbital energy landscape is responsible for
the observed field-dependent optoelectronic properties of the TM compounds. Therefore,
combining the experimental results with calculations, it is evident that the field-induced changes
in the electronic structure, especially crystal field splitting energy (10 Dq), of material play a key
role in determining the optoelectronic properties of the material.
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Figure 6.3. Energy diagrams calculated using the energies of the Ti d states.

6.6. Summary
In summary, this chapter presents the relativistic RT-TDDFT calculations on bulkmimicking anatase Ti3O14 clusters to elucidate the effect of applied fields on the XANES spectra
of solid-state materials. Furthermore, static electric fields varying from 0 to 0.07 V/nm
93

(breakdown/ionization ~0.13 V/nm) were applied on these clusters to elucidate the changes in the
electronic structure under the application of external field. Although it is experimentally
challenging to disentangle which of the two effects—electronic or geometric—is responsible for
the field-induced changes in the optoelectronic properties of solid-state materials, these
calculations indicate that it is the electronic structure that is primarily influenced by external fields
and therefore, dictates the resultant materials’ properties. Ultimately, these first-principles
calculations can predict both the properties and spectra of solid-state materials under external
fields, with applications ranging from surface functionalization (Zhen, Becker et al. 2009) to
attosecond pump-probe experiments (Schultze, Ramasesha et al. 2014).
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Chapter 7. Dopant Position and Dipole-Tuned Optoelectronic Properties of
Ni Doped TiO2
7.1. Introduction
TM doped metal-oxides are on the forefront in the experimental and theoretical research
due to their exceptional optical, electrical, and magnetic properties (Gaudin, Fourment et al. 2014,
Yu, Yan et al. 2017) that stem from their partially-filled d orbitals. Further, these properties can
be tailored by controlling the dopant position (Darapaneni, Moura et al. 2019) and by using
external stimuli including electric, optical, chemical fields due to the changes in the
energy/hybridization of the TM d-orbitals (Darapaneni, Kizilkaya et al. 2018). Subsequently, many
modern technologies such as photovoltaics (Goh, Scully et al. 2007), solid-state display panels
(Rogers, Bao et al. 2001), and non-volatile memory devices (Sahu, Manivannan et al. 2018), that
demand charge mobility and reversibility (Yu, Yan et al. 2017) are currently based on TM doped
oxides. While the previous chapters demonstrate the ability to engineer the d-orbitals of TM dopant
by controlling the dopant position or dopant hybridization with molecular dipoles, the effect of
this modified d-orbital energy landscape on the resultant optoelectronic properties has not been
discussed. Therefore, this chapter focuses on demonstrating the structure-property and external
field-property relationships to highlight the relationship between the TM d-orbital energy
landscape and the photophysical properties. This knowledge will enable to design next-generation
photoelectric and luminescent devices.
7.2. Effect of Dopant Location on Photocatalytic Properties of TiO2:Ni2+ (15 mol%) NPs
As mentioned in Chapter 3, the secondary processing parameters such as aging and
annealing of the dried sol resulted in the formation of uniformly doped TiO2:Ni2+ (15 mol%) and
segregated NiO-TiO NPs. While direct annealing of the dried sol caused uniform dopant
95

distribution, annealing the sol after aging for 48 h has yielded segregated phases. To test this
difference in the crystal structure on the resultant optoelectronic properties, photocatalysis
experiments were performed under AM-1.5 G solar light, as described in Chapter 2. Briefly, the
process of photocatalysis of TiO2 on organic dyes involve many reactions and they could all be
classified into four major categories: (1) Photobleaching, which involves the photooxidation or
photoreduction of the dyes, (2) Photodegradation, in which the dyes degrade into stable products,
(3) Photomineralization, that causes complete degradation of dyes into CO2, H2O and other
harmless compounds and ions, and (4) Photodecomposition which could involve both
photodegradation and photomineralization. For the photobleaching process of methylene blue
(MB) using TiO2, the reduction is as follows: e−
CB + MB → LMB (Leucomethylene Blue). MB

turns colorless upon reduction by electrons on the conduction band of TiO2 forming LMB. This
LMB will undergo no further degradation even upon irradiation (Zhang, Oyama et al. 2001).

The literature available for doped TiO2 reports a wide range of optimum doping
concentrations, between 0.5-15 mol%, for photochemical investigations with little reported on the
dopant position (Jing, Zhang et al. 2005, Ganesh, Gupta et al. 2012, Vega, Hinojosa-Reyes et al.
2018). To probe the role of dopant spatial distribution in photocatalysis, the degradation of MB
using dopant location-controlled TiO2:Ni2+ (15 mol%) NPs was performed. The decolorization of
MB is measured with increasing irradiation time using UV-Vis spectroscopy. The initial
concentration of the dye was measured as Co and the final concentration after irradiation was
reported as Ct. The degradation rate was analyzed according to first-order kinetics, r = kCt (k is the
pseudo-first order rate constant) (Tanizaki, Murakami et al. 2007, Ganesh, Gupta et al. 2012)
(Figure 7.1) by plotting the ln (Ct/ Co) against irradiation time t.
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Figure 7.1. Photocatalytic degradation of methylene blue under solar light using no catalyst,
TiO2, TiO2:Ni2+ (15 mol%) NPs, and NiO-segregated TiO2 NPs. The slope of the ln (Co/Ct) vs t
plot gives the pseudo-first order rate constant.
From Figure 7.1, it is observed that the highest degradation rate is obtained for pure TiO2
with the pristine sample having the least activity. This can be attributed to the reduction of MB
with the photoexcited electrons from titania NPs, increasing the activity of pure TiO2 (Yan, Ohno
et al. 2006, Bunsho 2008). While these results are counter to most literature reports (Sharma, Singh
et al. 2006, Yu, He et al. 2015, Singla, Pandey et al. 2016) that show higher catalytic activity for
the doped TiO2, they can be explained by the formation of oxygen vacancies (Ti3+) or black NiO
NPs, that can be occasionally observed in their optical absorption spectra (Yu, He et al. 2015,
Singla, Pandey et al. 2016). Additionally, many of these reports utilize narrow wavelengths for the
excitation of the samples (Vega, Hinojosa-Reyes et al. 2018), instead of using a simulated solar
spectrum, driving the degradation only upon Ni-O absorption. In the present case, for the pristine
and annealed TiO2:Ni2+ (15 mol%) NPs, the charge carriers trapped by one dopant are combined
with charge carriers trapped by another dopant, resulting in poor charge separation in these highly
TiO2:Ni2+ (15 mol%) NPs (Yu, Hai et al. 2011, Zhang 2011). On the other hand, the aged samples
i.e. NiO segregated TiO2 NPs, resulted in degradation rates closer to that of pure TiO2. While it is
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documented in the literature that the interband gap Ni 3d states act as recombination centers for
highly doped TiO2:Ni2+ NPs (Zhang 2011, Ganesh, Gupta et al. 2012), it is believed that the NiO
segregation eliminates these states which results in higher degradation rates. Therefore, the
observed variation in the photocatalytic responses of these TiO2:Ni2+ (15 mol%) NPs under AM
1.5G excitation can be attributed to the dopant position, where the positioning of the dopant
electronic states within the band gap of the host material dictates the recombination kinetics. In
the present case, lower degradation rates observed for the highly doped TiO2:Ni2+ (15 mol%) NPs
compared to the NiO segregated samples indicate that their photophysical responses can be
modified by tailoring the dopant position, reinforcing the structure-property relationship in these
TM doped materials.
7.3. Effect of Molecular Dipoles on the Optical Absorption of TiO2:Ni2+ (15 mol%) Films
In order to show the feasibility of Ni2+ as an efficient RE sensitizer replacement, adaptive
absorption of TiO2:Ni2+ (15 mol%) films prior to annealing is studied. The surface of the TiO2:Ni2+
(15 mol%) films deposited on glass substrates was surface functionalized using para-substituted
BZA ligands. Nitro (μ = 3.8 D) and amino (μ = -4.5 D) were chosen as substituents due to the large
and opposite dipole moments. Figure 7.2 shows the shifts in the absorption spectrum of TiO2:Ni2+
(15 mol%) upon surface modification. The 3T1g absorption peak of Ni2+ located at 440 nm was
observed to shift with the surface ligands. The positive dipole ligand, NO2-BZA blue shifts the
absorption peak within the absorption band of the TiO2 film (<400 nm) while the negative dipole,
NH2-BZA red shifts the peak to around 600 nm. This is in accordance with the previous results of
the XANES measurements on surface modified thin films. The Ni L edge measurements on NO2BZA bonded TiO2:Ni2+ films showed an increase in the value of 10 Dq whereas the NH2-BZA
decreased the value of 10 Dq. Coupling these experimental observations with the standard Tanabe-

98

Sugano diagrams, the positive dipole is observed to increase the value of 10 Dq that resulted in the
shift of the Ni2+ optical absorption peaks to lower wavelengths and vice versa for the negative
dipole.

Figure 7.2. Optical absorption spectra of surface modified TiO2:Ni2+ (15 mol%) thin films,
demonstrating the adaptive absorption of the Ni2+ 3T1g – 3A2g transition.
As a first step towards tunable luminescence, the adaptive absorption of Ni2+ can be utilized
to replace the Yb3+ sensitizer for Er3+ UC emissions. The possible energy coupling mechanisms
between the Er3+-Ni2+ ions are displayed in Figure 7.3. For example, upon surface modification
with NO2-BZA, the energy of the 3T1g level of the Ni2+ increases, which facilitates the energy
transfer to the 4S3/2 level of Er3+ and thereby, enhancing the 545 nm green emission. On the other
hand, this energy level experiences a red shift in wavelength with NH2-BZA bonding that promote
the energy transfer to the 4F9/2 level of Er3+, resulting in dominant red emission at 660 nm. This
ability to tune the emission intensity and emission peaks with surface ligands has been observed
for Bi3+ sensitized Eu3+ emissions in a core-shell architecture (R Bajgiran, Darapaneni et al. 2019).
Therefore, this approach of tuning the luminescence of the RE dopant via adaptive absorption of
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the TM ion in the shell layer will open new avenues in the field of adaptive solid-state lighting and
sensing fields.

Figure 7.3. Energy coupling between the surface-modified Ni2+ and Er3+ ions.

7.4. Summary
Effectively, this chapter showcases the real-world applications of this work that
demonstrates the importance of engineering the dopant position and dopant electronic states for
reversible tuning of the optoelectronic properties of TM doped hosts. The photocatalytic activity
of uniformly doped TiO2:Ni2+ (15 mol%) NPs is compared and contrasted to that of the NiO
segregated TiO2 NPs. Lower photodegradation rates of MB dye was observed for the TiO2:Ni2+
(15 mol%) NPs due to the charge recombination compared to the NiO-TiO2 NPs, highlighting the
structure-property relationship in TM doped hosts. Next, the surface ligand-bonded TiO2:Ni2+ (15
mol%) films demonstrated a ~200 nm shift in the wavelength of the Ni2+ absorption peak, allowing
for correlating the dipole moment of the ligand to the shift in the optical absorption spectra. This
interrelationship between the dipole moment of the surface ligands and the properties of the TM
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ions is extremely important for designing optical probes that are required to emit/absorb at a
particular wavelength depending on the external stimuli.
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Chapter 8. Summary and Future Work
The doping mechanism of Ni in TiO2 host matrix using sol-gel synthesis was investigated
using various ex situ characterization methods. The secondary processing parameters of the dried
sol such as aging and annealing of the sol have observed to show a direct effect on the dopant
segregation in the host. Time-resolved UV-Vis spectroscopy studies, in conjunction with FTIR,
indicate the formation of hydroxylated Ni clusters (Ni(OH)2) upon aging the dried sol in ambient
air. After annealing, these clusters formed segregated NiO phase instead of Ni doped TiO2 anatase
phase. Moreover, the exact crystallization mechanism of the aged powders of the dried sol was
deduced from the TGA-DSC measurements. These results reveal the formation of NiO phase in
the region between 330-400 °C, which is coincidentally the crystallization temperature of anatase
TiO2. Therefore, to prevent the NiO segregation and incorporate higher dopant (Ni) concentrations
in the host matrix, rapid annealing of the dried sol was performed at 450 °C, allowing for the
formation of doped anatase TiO2:Ni2+ phase. The uniform distribution of dopants in the host lattice
and the crystallinity of these NPs was confirmed from HAADF-STEM images and XRD patterns.
Once the dopant location in the host matrix was controlled, the effect of surface ligands on
the valence band electronic structure of TiO2:Ni2+ (10 mol%) thin films was investigated. These
films were prepared by spin coating the sol onto Si (100) substrates and rapid annealing was
performed to lock the dopants in host matrix. These TiO2 and TiO2:Ni2+ films were then loaded
into an ultrahigh vacuum chamber where in situ vapor deposition of the amino (NH2, μ = -4.5 D)
and nitro (NO2, μ = 3.8 D) BZA ligands was performed. First, with the NO2-BZA, the UPS
measurements demonstrated an upward valence band bending of TiO2 towards the Fermi level. In
addition to this, a sharp decrease in the intensity of the defect Ti3+ peak was noticed, which
indicates metal-to-ligand charge transfer upon adsorption of an electron-withdrawing ligand, NO2102

BZA. The same film was then rapidly annealed for 5 min at 250 °C to remove the NO2-BZA ligand
followed by 1.5 keV Ne+ sputtering for 15 min for obtaining the UPS spectra of the clean TiO2
surface. After NH2-BZA adsorption, the UPS spectra indicated a downward band bending,
opposite to that of NO2-BZA adsorbed-TiO2 films. However, the magnitude of band bending was
lower than that of the NO2-BZA adsorbed-TiO2 films due to the formation of zwitterionic
structures in the case of NH2-BZA adsorbed-TiO2 films. This was further confirmed from the
calculated bidentate adsorption energies of NO2-BZA, NH2-BZA, and NH3+-BZA ligands on the
surface of TiO2 using first-principles calculations. Surprisingly, these ligands were observed to
bind in a monodentate fashion on the TiO2:Ni2+ surface, resulting in lower substrate-ligand
hybridization that was observed from the UPS spectra. Collectively, these results prove that the
substrate-ligand hybridization can be manipulated reversibly upon Ni doping, which is paramount
for the design of spintronics and memory devices.
As a next step in the elucidation of electronic structure changes upon ligand-bonding to
TM doped hosts, the effect of these BZA ligands on the conduction band was studied using
XANES. Before performing the XANES measurements, the local crystallinity and the dopant
distribution in the sol-gel deposited TiO2:Ni2+ (15 mol%) films were probed using HRTEM and
STEM-EELS. Similar to that of the TiO2:Ni2+ (15 mol%) NPs, slow annealing of the films has
resulted in two separate phases of NiTiO3 and TiO2. Next, the XANES measurements were
performed on the surface-modified pure TiO2 and TiO2:Ni2+ (15 mol%) films. Since the XANES
spectra is a direct measure of electron occupancy and hybridization of the conduction band (3d)
orbitals, it has been observed that the crystal field splitting energy (10 Dq) is directly proportional
to the dipole moment of the surface ligand. The value of 10 Dq, which was estimated from the
FWHM of the eg peak in the Ti LII edge and the t2g-eg gap in the O K edge show an increasing
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trend with increasing dipole moment. Additionally, the eg orbitals (𝑑𝑑𝑧𝑧 2 and 𝑑𝑑𝑥𝑥 2 −𝑦𝑦 2 ) of the Ni2+
dopants were observed to be sensitive to the surface ligands. The intensity of the eg peak in the Ni

LII edge XANES was observed to increase when bonded to the electron-withdrawing NO2-BZA.
This is attributed to the strong hybridization of the eg orbitals with the ligand p orbitals, resulting
in lowered electron density in the eg orbitals. Moreover, these XANES features were simulated
using a ligand-field multiplet software that is based on TM local symmetry. While the simulations
indicate a transformation of Ni2+ symmetry from octahedral (Oh) to square planar symmetry upon
NO2-BZA bonding, it is not feasible due to the creation of additional oxygen vacancies in the new
symmetry. Therefore, the observed changes in the XANES features with NO2-BZA bonding have
been attributed to a slight elongation of Ni axial bonds that result in an elongated (distorted) Oh
symmetry. The combined experimental and modelling XANES results suggest that the conduction
band of TM doped hosts can be tuned according to the direction of the dipole moment of the
surface ligands, which is accompanied by a geometric distortion.
Although the previous studies indicate a relationship between the applied ligand fields and
the UPS or XANES spectral changes, the physical origins of the field interaction with the TM dorbitals remain unclear. Therefore, to better these interactions from a theory standpoint, firstprinciples density functional theory (DFT) calculations were performed in collaboration with Dr.
Kenneth Lopata’s group in the Department of Chemistry, LSU. Bulk anatase mimicking Ti3O12
clusters passivated with pseudo-H atoms were built using a covalent embedded atom approach.
The XANES spectra was computed using spin-orbit coupling inclusive real time (RT)-time
dependent (TD)-DFT approach. Next, weak static fields that emulate the electric fields created by
ligands were applied on this cluster to understand the changes in the d-orbital energy landscape
under the influence of external fields. First, it was observed that the conduction band orbitals red
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shift with increasing fields. Second, the intensity of the 𝑑𝑑𝑥𝑥 2 −𝑦𝑦 2 peak increases with upon

application of fields. Both of these effects indicate a strong hybridization of the conduction band
(3d) orbitals with the ligand p states, as hypothesized from the experimental XANES results.
Additionally, in all of these calculations the geometry of the cluster was optimized under the
application of fields, suggesting strong hybridization.
Finally, the above results were employed to modify the optoelectronic properties of TM
doped hosts. The difference in the dopant position of TiO2:Ni2+ (15 mol%) and NiO-TiO2 NPs was
reflected in the photocatalytic activity. The photodegradation rates of an organic dye methylene
blue (MB) was tested under AM-1.5G solar light using these catalytic NPs. A clear difference in
the pseudo-first order degradation rate was observed for the Ni doped versus NiO segregated TiO2
NPs. These photocatalytic experiments highlight the structure-property relationship in TM doped
hosts. Next, the reversible tuning of the optical properties of the TM doped hosts was investigated
so as to substitute the TM ions as sensitizers in UC/DC phosphors. For this purpose, TiO2:Ni2+ (15
mol%) thin films were prepared using a combination of sol-gel and spin-coating techniques and
the surface of these films was functionalized with para-substituted NO2/NH2-BZA ligands using
carboxylic chemistry. The optical absorption of these films demonstrated a red shift of the Ni2+
absorption peaks with the negative dipole (NH2-BZA) and blue shift with positive dipole (NO2BZA). These results prove that the surface ligands of opposite polarity can be applied to modulate
the optical absorption spectra of TM doped hosts in a reversible, stable manner. Overall, this ability
to control and tune the optoelectronic properties of TM ions opens new avenues in multiple fields
such as solid-state lighting, anti-counterfeit sensing, biosensors, etc., which are currently relying
on the critical RE elements.
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While this work demonstrates the potentiality of the TM ions as RE sensitizers for steady
luminescent applications, it was not able to fully cover the topic of study. Therefore, future work
building on these results is described below. As a first step in the process of RE sensitizer
replacement with TM ions, the as-synthesized RE doped core NPs were coated with TM doped
shell layer to facilitate the sensitization of RE emissions with TM ions. Specifically, Y(OH)3:Ni2+
(10 mol%) shell layer was coated around NaYF4:Er3+ (3 mol%) core NPs using modified sol-gel
process (Dorman, Mao et al. 2010, Dorman, Choi et al. 2012). These surface of these core-shell
NPs was functionalized with para-substituted NO2/NH2-BZA ligands to modify the absorption of
the Ni2+ absorption in the shell layer for dynamic luminescence. This phenomenon was previously
reported Bi3+ sensitized Eu3+ emissions for biosensing applications (R Bajgiran, Darapaneni et al.
2019). Despite the sharp absorption peaks of Er3+, the Ni2+ absorption peaks in the surfacemodified core-shell NPs shifted according to the nature of the surface ligand (Figure 8.1(a)). As
observed in the case of thin films (Chapter 7), the positive dipole (NO2-BZA) shifted the Ni2+ 3T1g
– 3A2g peak (*) at 430 nm to lower wavelengths whereas the negative dipole (NH2-BZA) red shifts
the absorption peak. The remaining sharp absorption peaks in the UV-Vis absorption spectra are
the Er3+ absorption peaks that do not shift with surface ligands. While adaptive absorption of Ni2+
with surface ligands is observed in the Y(OH)3 shell layer, it is difficult to quantify the observed
shift with the standard Tanabe-Sugano diagrams as Y(OH)3 has two different asymmetric Oh
doping sites for Ni2+. In this regard, an oxide shell layer such as TiO2, with a single Oh doping site
for Ni2+ and known value of 10 Dq can be employed for theoretical estimation of the absorption
shift with the dipole moment of the surface ligands. The deposition of TiO2:Ni2+ (15 mol%) can
be performed by employing the sol-gel chemistry similar to that of Y(OH)3. However, calibration
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of shell layer thickness has to be performed for this new material due to the nature of these less–
precise wet chemistry deposition techniques.
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Figure 8.1. (a) UV-Vis absorption spectra of NO2/NH2-BZA bonded NaYF4:Er3+|Y(OH)3:Ni2+
core-shell NPs and (b) Photoluminescence (PL) emission spectra of NaYF4:Er3+|Y(OH)3:Ni2+
core-shell NPs excited using a laser centered at 800 nm. The absorption spectra demonstrate a
shift of 70 nm with surface ligands and the emission spectra shows an enhancement in the
emission intensity with Ni2+ sensitization, suggesting energy transfer between the Er3+-Ni2+ ions.

In addition to the absorption measurements on the NaYF4:Er3+|Y(OH)3:Ni2+ core-shell
NPs, ultrafast laser studies were performed to understand the emission dynamics (Figure 8.1(b)).
The emission spectra show an enhancement in the intensity of the Er3+ 4S3/2 – 4I13/2 emission peak
centered around 575 nm upon Ni2+ doping in the shell layer. Despite the large size (~ 500 nm) of
the core NPs that causes results in an inefficient energy transfer between Er3+-Ni2+ ions, these
results are still promising due to the increase in the Er3+ emission intensity that suggests Ni2+
sensitization. Therefore, to have an efficient RE-TM energy transfer process, smaller sized core
NPs are desired. These smaller sized RE-doped core NPs without organic capping ligands can be
synthesized by following the sol-gel recipe for Y2O3:Er3+ (3 mol%) NPs (see Appendix B.2).
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Furthermore, the efficiency of the energy transfer process between the RE-TM ions can be
determined by performing lifetime decay and power dependence studies using PL spectroscopy.
By employing a tunable wavelength excitation source, the TM ion can be selectively excited to
modulate the energy transfer process to the emitter Er3+ ion. Additionally, low-temperature in situ
PL measurements can be performed to extract the exact energy transfer mechanism between the
RE-TM ion couple. Finally, the dynamic luminescence of these core-shell NPs upon surface
modification can be observed real-time by in situ vapor phase adsorption of ligands and probing
the PL emission spectra.
In addition to their application in solid-state lighting applications, one most intuitive
application would be in the field of photocatalysis due to the TM doped oxide shell layer. While
the doped shell layer, for example, TiO2:Ni2+ can utilize the visible and UV radiation of solar light
for photocatalytic activities, coupling them with RE doped UC NPs can extend this to the near
infrared (NIR) region. In particular, upon excitation with NIR light, these RE doped core-TM shell
phosphors (NaYF4:Er3+|TiO2:Ni2+) can demonstrate photocatalytic activity owing to the absorption
of the core NPs followed by energy transfer to the shell layer (Tang, Di et al. 2013). Furthermore,
these luminescent RE doped core-TM shell phosphors can be employed for photoelectrochemical
(PEC) aptasensing applications as well. More specifically, the UC RE doped core NPs can be
utilized for absorbing the NIR radiation and converting it to UV light for generating the
photoelectrons in the TiO2 shell layer. Upon target antigen introduction, a complex between the
aptamer and the antigen can be formed, which will trigger the amplification reaction by forming
several base byproducts. These bases enhance the photocurrent of the NaYF4:Er3+|TiO2:Ni2+ NPs
under NIR illumination (980 nm). These NPs are especially important because they can detect the
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target as low as 3.6 pg mL-1. Moreover, the stability of the RE doped NPs and the TiO2 shell layer
will allow them for multiple cycling ability (Qiu, Shu et al. 2018).
On the theoretical front, the obtained experimental results can be utilized to build a model
based on the Tanabe-Sugano (Sugano and Tanabe 1958) and Judd-Ofelt (Judd 1962, Ofelt 1962)
theories that would allow for design of new RE-TM pairs for dynamic luminescence. While this
modelling requires expertise in understanding the surface electron density distribution due to
ligands, crystal field strengths, and RE energy levels, it would be a potential new direction of
research that can predict the radiative events within RE-TM co-doped nanostructures. Once a
theoretical relationship between these parameters is deduced, the next step is to replace the emitter
RE ion in the solid-state lighting phosphors. Alternatives to these emitters RE ions could be TM
ions with ladder-like energy level alignment that facilitate efficient sensitizer-emitter energy
transfer for luminescent applications.
Finally, the goal of this thesis was to first understand the TM incorporation in solid hosts
and then modify the optoelectronic properties of these TM doped hosts using surface ligands so as
to replace the RE sensitizers in RE-based LED phosphors. While the ability to reversibly tune the
optical and electronic absorption spectrum of TM ions with surface ligands of opposite dipole
moments is demonstrated in Chapter 7, the energy transfer/sensitization mechanism between RETM ions was not elucidated. Although preliminary UC luminescence measurements using on the
NaYF4:Er3+|Y(OH)3:Ni2+ NPs show a sensitization of Er3+ emissions with Ni2+, the exact energy
transfer mechanism and the efficiency of this process has not been determined. Further, to test the
feasibility of this material as a potential RE-replacement phosphor, it can be incorporated as a
phosphor coating in a working LED device and the performance can be evaluated.
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Appendix A. Permission to Use Copyrighted Materials
A.1. Permission to Use Chapter 3 Text and Figures

A.2. Permission to Use Chapter 5 Text and Figures
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Appendix B. Chemicals and MSDS
B.1. Chemicals Used
Yttrium (III) nitrate hexahydrate: 99% (Alfa Aesar)
Erbium (III) chloride hexahydrate: 99% (Alfa Aesar)
Sodium citrate dihydrate: 99% (VWR Analytical)
Titanium (IV) isopropoxide: 98% (Acros Organics)
Nickel chloride hexahydrate: 99% (BTC)
p-nitrobenzoic acid: 99% (Alfa Aesar)
p-aminobenzoic acid: 99% (VWR Chemicals)
Reagent alcohol: 99.99% (VWR Analytical)
Acetonitrile: 99.8% (HPLC grade)
Hydrochloric acid: 36-38.5% (ACS grade)

B.2. Safety Notes on Chemicals
Y(NO3)3.6H2O: Health (acute effects) = 1, Flammability = 0, Reactivity = 0. See MSDS for details
ErCl3.6H2O: Health (acute effects) = 1, Flammability = 0, Reactivity = 0. See MSDS for details
C6H9Na3O9: Health (acute effects) = 1, Flammability = 0, Reactivity = 0. See MSDS for details
C12H28O3Ti: Health (acute effects) = 4, Flammability = 2, Reactivity = 0. See MSDS for details
NiCl2.6H2O: Health (acute effects) = 1, Flammability = 0, Reactivity = 0. See MSDS for details
C7H5NO4: Health (acute effects) = 2, Flammability = 1, Reactivity = 1. See MSDS for details
C7H5NO2: Health (acute effects) = 2, Flammability = 1, Reactivity = 1. See MSDS for details
C2H3N: Health (acute effects) = 2, Flammability = 3, Reactivity = 0. See MSDS for details
C2H6O: Health (acute effects) = 2, Flammability = 2, Reactivity = 0. See MSDS for details
HCl: Health (acute effects) = 3, Flammability = 0, Reactivity = 1. See MSDS for details
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Appendix C. Chemical Synthesis
C.1. Thermal Decomposition Synthesis of NaYF4:Er3+ NPs
1.
2.
3.
4.
5.
6.
7.

95.61 mg of YCl3.6H2O and 2.7 mg of ErCl3.6H2O were added to a 50mL round bottom
Next, 3.02 mL of oleic acid, 2.46 mL of oleylamine, and 4.44 mL of 1-octadecane were added
This mixture was stirred for 5 min and then degassed for 10 min
The vacuum continued and the flask was heated to 110 ºC for 1 h with no specific heating rate
After 1 h, the N2 flow was begun for 10 min
380 mg of sodium oleate and 74 mg of NH4F was added under N2 flow by opening the stopper
The mixture was vacuumed again for 10 min and then N2 flow was continued till the end of
the reaction
8. The reactant mixture was then heated to 320 ºC at 15 ºC/min and stirring was continued for 45
min under N2 flow
9. The product mixture was quickly cooled after 45 min by lowering the heating mantle
10. When temp reaches 75 ºC, 9 mL of EtOH was added to precipitate the NaYF4:2%Er NPs
11. This reaction mixture was then transferred to centrifuge tubes and was centrifuged at 6000 rpm
for 2-3 minutes (for complete precipitation)
a) The resulting supernatant was removed and a small amount of hexane~ 2mL was added to
break up the white solid pellet by vortex mixing and sonication
12. 5mL of EtOH was added again to precipitate NPs and the product solution was centrifuged for
the second time at 8000 rpm for 15 min
13. This process of washing the NPs was repeated several times until the supernatant obtained was
clear
14. While higher temperatures (~320 °C) yielded hexagonal β-NaYF4 NPs, lower temperatures
(310 °C) resulted in α-NaYF4 NPs, as shown below in Figure B.1.1
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(a)

(b)

10 nm

10 nm

Figure C.1.1. TEM images of NaYF4:Er3+ (3 mol%) NPs synthesized by thermal decomposition
method (a) hexagonal shape and (b) triangle shape.
C.2. Sol-gel Synthesis of Y2O3:Er3+ NPs
1. 17 g of Y(NO3)3.6H2O and 8.5 g of citric acid (CA) were dissolved in 50 and 20 mL of double
distilled water, respectively
2. The prepared aqueous solutions of Y(NO3)3.6H2O and anhydrous citric acid were well mixed
in a bigger glass beaker via a hot plate and magnetic stirrer
3. Subsequently, 2.49 mL of ethylene glycol (EG, CA:EG = 1:1 mol ratio) was added to the above
solution with constant stirring to change them to unchanging complexes.
4. This mixture was allowed to settle down at various temperatures (100, 200, and 300 °C) for 2
h to until a clear gel was formed.
5. The gel was then heated in an oven at 300 °C for an hour to remove the organic residues
followed by a calcination step at 650 °C to obtain ~30 nm nanocrystalline Y2O3.
6. For 3 mol% Er doped Y2O3 NPs, the Er precursor was added initially along with
Y(NO3)3.6H2O
C.3. Sol-gel Coating of TiO2 Shell Layer on Y2O3:Er3+ NPs
1. TiO2 shell layer was deposited on Y2O3:Er3+ core NPs according to the modified Stöber method
2. The powder samples of core nanoparticles were added to isopropyl alcohol and were dispersed
with ultrasonic oscillation for 30 min
3. Deionized water and hydrous ammonia (25%) were added. After strong stirring at 34 °C for
10 min, TTIP was also added dropwise
4. Under the same conditions, the reaction continued for 30 min. The precipitate was then
centrifuged, washed and dried at 80 °C for 24 h
5. These core-shell NPs were rapidly annealed at 450 °C for 30 min to form crystalline anatase
TiO2 shell layer
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Appendix D. Computational Details
Once the clusters were created and validated, the XANES spectra were computed using the
NWChem real-time TDDFT module (Lopata and Govind 2011) using a two-component spin-orbit
approach. In this approach, the single particle density matrix is propagated in time after the
broadband pulse excitation and a Fourier transform is performed on the time-dependent dipole
signal to calculate the absorption spectra in frequency-domain (Bruner, LaMaster et al. 2016). The
equation of motion in the von Neumann representation is given by:

𝑖𝑖

𝜕𝜕𝑷𝑷′(𝑡𝑡)
= [𝑭𝑭′ (𝑡𝑡), 𝑷𝑷′(𝑡𝑡)]
𝜕𝜕𝜕𝜕

(C.1.1)

where 𝑭𝑭′ (𝑡𝑡) and 𝑷𝑷′(𝑡𝑡) are the Fock and density matrices in the canonical basis. The details

regarding the integration of the equation of motion and calculation of the time-advanced Fock
matrix are given elsewhere (Bruner, LaMaster et al. 2016). To save computation time, the
propagator was constructed via exponential midpoint of the extrapolated (future) Fock matrix
without self-consistent iteration.
𝑷𝑷′ (𝑡𝑡 + ∆𝑡𝑡) = 𝑒𝑒 𝛺𝛺 𝑷𝑷′ (𝑡𝑡)𝑒𝑒 −𝛺𝛺
Ω ≡ −𝑖𝑖𝑖𝑖′(𝑡𝑡 +

(C.1.2)

∆𝑡𝑡
) ∆𝑡𝑡
2

(C.1.3)

This approximation, which was tested for a few spectra, is valid due to the relatively short time
steps, which are required to capture X-ray frequency spectra. To compute the spectra, the system
was excited using a delta-function (broadband) electric field:
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(𝑡𝑡 − 𝑡𝑡𝑜𝑜 )2
𝐸𝐸(𝑡𝑡) = κ exp �−
� 𝑑𝑑̂
2𝑤𝑤 2

(C.1.4)

For every simulation the field amplitude was taken to be κ = 0.001 a.u, the center of the pulse
was to = 20 a.u = 0.48 fs, and the width w = 0.024 fs. 𝑑𝑑̂ = 𝑥𝑥, 𝑦𝑦, 𝑧𝑧 denotes the polarization. This

electric field is coupled into the Fock matrix through an external potential (V) by its product with
the transition dipole matrix (D), under the assumption of uniform electric field across the system.
𝑉𝑉(𝑡𝑡) = −𝐷𝐷. 𝐸𝐸(𝑡𝑡)

(C.1.5)

This approximation is valid for relatively low X-ray frequencies studied here. For higher energies,
however, quadrupole and higher terms may need to be considered.
A Padé accelerated method of analysis (Bruner, LaMaster et al. 2016) was employed to convert
the spectra from time-domain to frequency-domain using only the contributions from the Ti 2p
core spin-orbitals. This converges much more rapidly with simulation time than conventional
Fourier transform of the dipole moment, and also allows one to only include contributions from
the L-edge in the spectrum. To do this, the time-dependent dipole moment was written as a sum
of occupied-virtual pair dipoles:

𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜

𝜇𝜇(𝑡𝑡) = 𝜇𝜇𝑜𝑜 + �

𝑚𝑚

�

𝑖𝑖=1 𝑎𝑎=𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜+1

𝜇𝜇𝑖𝑖𝑖𝑖 (𝑡𝑡)

(C.1.6)

𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀
𝜇𝜇𝑖𝑖𝑖𝑖 (𝑡𝑡) = 𝐷𝐷𝑖𝑖𝑖𝑖
𝑃𝑃𝑎𝑎𝑎𝑎 (𝑡𝑡) + 𝐷𝐷𝑎𝑎𝑎𝑎
𝑃𝑃𝑖𝑖𝑖𝑖 (𝑡𝑡)

(C.1.7)
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where 𝑖𝑖 = 1, … , 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜 are the virtual and 𝑎𝑎 = 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜+1 , … . , 𝑚𝑚 are the occupied orbitals. These

were computed by projecting the density matrix onto the ground state molecular orbitals:
𝐷𝐷𝑀𝑀𝑀𝑀 = 𝐶𝐶 ′† (0)𝐷𝐷′ 𝐶𝐶 ′ (0)

(C.1.8)

𝑃𝑃𝑀𝑀𝑀𝑀 (𝑡𝑡) = 𝐶𝐶 ′† (0)𝑃𝑃′(𝑡𝑡)𝐶𝐶 ′ (0)

(C.1.9)

where 𝐶𝐶 ′ (0) is the eigenvector matrix of the ground state (in the canonical basis). The dipole

𝑖𝑖𝑖𝑖
polarizability for each dipole contribution (𝛼𝛼𝑑𝑑𝑑𝑑
) was obtained by taking Padé approximant to the

Fourier transform for each dipole contribution signal separately:

𝑖𝑖𝑖𝑖
𝛼𝛼𝑑𝑑𝑑𝑑

𝑖𝑖𝑖𝑖
𝜇𝜇𝑑𝑑𝑑𝑑
(𝜔𝜔)𝐸𝐸𝑑𝑑∗ (𝜔𝜔)
=
|𝐸𝐸𝑑𝑑 (𝜔𝜔)|2

(C.1.20)

Here, 𝑑𝑑̂ = 𝑥𝑥, 𝑦𝑦, 𝑧𝑧 and the 𝑑𝑑𝑑𝑑 subscripts denotes the on-diagonal part of the polarizability tensor,

e.g., 𝑥𝑥𝑥𝑥 means 𝑥𝑥 dipole resulting from 𝑥𝑥 polarized kick. The dipole strength function was then

computed from the polarizability as:
𝑆𝑆(𝜔𝜔) =

4π𝜔𝜔
Im [𝛼𝛼𝑥𝑥𝑥𝑥 (𝜔𝜔) + 𝛼𝛼𝑦𝑦𝑦𝑦 (𝜔𝜔) + 𝛼𝛼𝑧𝑧𝑧𝑧 (𝜔𝜔)]
3𝑐𝑐

(C.1.21)

Finally, to better match experimental spectra that have lifetimes that generally decrease with
increasing energy above the edge, energy dependent broadening was applied to the calculated
spectrum. This takes form of an exponentially decreasing core-hole lifetime as a function of
energy:
𝜔𝜔

(C.1.22)

𝑓𝑓(𝜔𝜔) = 𝑒𝑒 𝜏𝜏 + 𝑐𝑐
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𝜏𝜏(𝐸𝐸) = 𝜏𝜏𝑜𝑜 × 𝑒𝑒 −𝛼𝛼×(𝐸𝐸−𝐸𝐸𝑜𝑜 )

(C.1.23)

where the edge energy 𝐸𝐸𝑜𝑜 = 446.35 𝑒𝑒𝑒𝑒 , α has dimensions of inverse energy, τ varies from 55-25
with units of time. Another option is to add a small imaginary part to the eigenvalues to give each
transition a different core-hole lifetime (Lopata and Govind 2013, Fernando, Balhoff et al. 2015,
Šipr, Vackár et al. 2018).
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Appendix E. Operating Procedures
E.1. Spincoater
1. Switch on the power supply for the spin coater and turn the nitrogen tank valve in anticlockwise direction
2. Open the lid and check to see whether the chuck is suitable for the substrate and change it if
necessary
3. Place the substrate on top of the chuck such that the hole is covered with the substrate
4. The program of the spin-coater can be adjusted by pressing the edit mode next to the display
screen and change the required parameters by pressing the arrows
5. Typically, the TiO2 and SiO2 sols are spin coated at speeds ranging from 1000-3000 rpm for
60 seconds
6. When the program is set up, the vacuum button has to be pressed to make sure that the substrate
is held tight. Press the run mode button
7. The sol is dropped onto the substrate slowly such that the entire substrate is covered
8. Close the lid of the spin coater and press the Start button when the message ready appears on
display
9. After the spin-coating time, press the vacuum button and open the lid to take the coated
substrate out
10. Steps 2-9 are repeated for coating other substrates
11. After coating all the substrates, turn off the vacuum pump and close the nitrogen tank valve
12. Turn off the power supply for the spin coater

Figure E.1.1. Three steps of the spincoating process: dropping the sol, rotation of the stage, and
uniform coated substrate.

E.2. Filmetrics Tool
1. Switch on the computer before we start the procedure. Later, turn on the hydrogen and
deuterium lamps and wait for 5-10 min for the lamps to be heated. The fan in the optic source
is also turned on
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2. The shutter is turned on and the FLMeasure Software is clicked on the desktop. Open the setup
menu and select the raw signal option from it
3. Place the sample substrate on the black stage below the light source. The distance between the
light source and stage can be adjusted by changing the height of the light source column
4. It should be noted that the reflectance counts are around 2500 to 4000 while adjusting the probe
height
5. The parameters such as integration time (40 ms), no of cycles (1), optical thickness (100000
μm) are checked to match the specified values
6. Click on Edit recipe in the right-side panel on the screen and select the program that is suitable
for your sample. Here, it is typically TiO2 on Si or SiO2 on Si
7. Select the base line option in the edit menu and it will lead us to three steps
8. The first step is to take the reflectance of the sample and this is done by hitting Take Sample
Reflectance with the sample placed on stage
9. Then the second step is measuring the reflectance of reference substrate which is done by
placing the reference substrate on the stage and selecting Si and then hitting on Reflectance
Standard → OK
10. The third step enables us to take the background reflectance and now the stage has to be empty
before hitting OK for this option
11. Now place the sample again on the stage
12. As the base line analysis is completed, the sample thickness can be measured by clicking on
Measure option in the edit menu and we get the thickness of the film that is coated
13. The screen image can be saved by selecting the screen to file option in File → Save → Screen
to File. The measured spectrum can be saved by hitting on File → Save → Measured spectrum
14. The recorded history of all the measurements can be viewed in the History tab on the right top
side of the screen
15. The accuracy of the measured thickness can be estimated by looking at the value below
Goodness of Fit which gives the regression co-efficient. Typically, the measured value can be
true value if the regression co-efficient is greater than 0.97
16. Steps 3-14 are repeated for measuring the thickness of various coated samples
17. After the measurement, the window of the software has to be closed and the light sources along
with shutter are turned off
18. The optic connection cable is removed and the fan is turned off after fifteen minutes for the
lamps to cool
Additional Notes:
1. The recipe can be changed in the Edit recipe menu by clicking on the option Create a new
recipe
2. The native oxide layer can be chosen as SiO2 and the box next to it can be unchecked if the
substrate used is Si. A new layer is added by clicking on Add layer and selecting TiO2
amorphous if TiO2 thin films are characterized. Initial guess of around 50 nm is given as input
and the box next to it is checked as it is going to change with the measured value
3. This newly created recipe can be saved as in the recipe’s folder
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4. There are a few options to change the wavelength range of the incident light and sampling
time. These can be viewed in the Analysis Options tab where in the wavelength range can be
adjusted and the spectrum matching can be checked has Robust
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Appendix F. Synchrotron Experiments
F.1. Hard X-ray Beamline
The High Energy X-ray Absorption Spectroscopy (HEXAS) beam line is on a 11-pole, 7.5 T
multipole wiggler and is used for the XANES measurements of elements with higher edge energies
around 5000-12000 eV. While Ge (220) crystal is used as a monochromator for higher energies,
Ge (111) crystal is employed for lower energies for shallow angles. The energy scan boundaries
are specified 200 eV above and below the edge energy and also the gain in the ion chamber is
made sure to be around 10.
F.1.1. Sample Preparation
1. The kapton tape (yellow colored transparent tape with an adhesive) is stick on a paper with the
help of a normal white tape at its ends.
2. The finely powdered sample is spread uniformly in the center of the caption tape longitudinally
with the help of a flat spatula.
3. After uniform spreading, the tape is dusted off to remove any excess sample on the tape and
then the two ends of the kapton tape are attached.
4. The tape is folded according the signal counts, which depend on the thickness of the tape.
Generally, the tape is folded four to six times for decent signal quality.
5. The ends of this folded tape are again attached to the plastic sample holder such that the sample
that is spread on the kapton tape falls in the empty passage of the sample holder.
F.1.2. Sample Measurement
1. Press the buttons PS and BS-I to enter the hutch room. Unlock the top lock and place the key
in the bottom keyhole
2. The sample holder is then mounted in the sample space next to the monochromator in the hutch
room and the laser is turned on to check if the beam is hitting the sample and passing through
the empty space in the sample holder
3. After mounting the sample, the laser is turned off and a green light button is pressed to indicate
everything is fine inside the hutch room before leaving it
4. The key is taken from bottom keyhole and the top lock is locked. The buttons BS-I and PS are
pressed
5. The sample name, edge and other details are changed and the scan is started by hitting on start
button on screen
6. Wait for five minutes for the scan to start because the program is very slow. Meanwhile, we
can write some comments about the sample in the notes part
F.1.3. Data Analysis using Athena
1. Import the data file from the folder in Athena
2. For transmission data, Numerator = 2, Denominator =3 and hit OK to get the graphs
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3. Click on E (yellow) to get the absorption co-efficient log graph. Then to change the Emin value
to -20 and Emax to 80 to have a closer look at the XANES data
4. Check the derivative(yellow) and by definition the edge energy is the first derivative, but when
we open the Ni K Edge_file, we get two peaks
5. Now click on the target button next to Eo value and double click on the first peak and the value
is automatically entered
6. Now go back to the original range set Emin value to -20 and Emax to 40
7. The XANES spectra of Ni K edge plotted using this software is shown below in Figure D.1.1

Figure F.1.1. Ni K edge spectra of surface-modified TiO2:Ni2+ (15 mol%) films, showing no
change in the oxidation state upon ligand-bonding.
F.2. Soft X-ray Beamline
The Variable Line Spacing-Plane Grating Monochromator (VLS-PGM) beam line is used for
the elements with lower edge energies around 200-1000 eV. As soft X-rays have low energy,
the air absorbs UV-light in the X-rays. Therefore, the samples are placed in vacuum for these
measurements. The K edges for lower atomic number elements and L and M edges for higher
atomic number elements are measured. There are two types of gratings present in the
monochromator. One for lower energy which ranges from 200-500 eV and the other one from
500-1000 eV. For TiO2:Ni2+ thin film samples, a higher monochromator grating is employed
for all the measurements on this beam line.
F.2.1. Sample Preparation
1. For powders sample, the double-sided carbon tape is cut into four small squares and it is
stuck on both the sides of the circular sample holder
2. Very little amount of sample is taken with a spatula and then it is spread uniformly on the
tape with the help of a brush and excess sample is slowly pushed off the sample holder
without contaminating the other sample
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3. In the case of thin films, we can mount one substrate on one side of the sample holder at a
time. The thin film is attached to the glue of the carbon tape and it is made sure that it does
not move
F.2.2. Equipment Design
1. The vacuum chamber has an inlet pump which is not connected to the chamber but an
extension through which the samples can be taken out or placed inside without disturbing the
vacuum inside the chamber
2. An entrance slit near the beam ring and an exit slit near the sample are present in the beam
line which will determine the resolution of the measurement
3. The pump inlet to the vacuum chamber is closed and the green valve near the load lock
chamber is slowly opened
4. The screws of the load lock chamber are unscrewed and the sample holder is carefully placed
inside it with the help of tweezers
5. The load lock valve is then closed and the screws are finger tightened and the valve is opened
while closing the blue valve
6. Now the pressure is monitored and the valve is opened once the vacuum inside is at high
pressure
7. It takes around 90 minutes for the chamber to be pumped out of air and after that the beam is
turned on, which takes about 10 min for warming up
F.2.3. Sample Measurement
1. All the shutters are closed till the beam is near the slit and it takes about 10 min to warm up
2. The shutters are slowly opened except for the Gate valve 5. The entrance slit is kept at 100 μm
(144) and the exit slit is increased to 150 μm (300)
3. The lab view software is opened on the first computer and VLS mirror software is opened on
the second one. In the first computer, Utilities is selected. Then hit on go white light and then
one single click on white light. We can see the monochromator moving as the energy is
changing to white energy
4. The sample inside the chamber is adjusted along the X,Y and Z axes by turning the respective
knobs and it is ensured that the white light beam hits the center of the sample
5. Now the exit slit is turned again to 100 μm (121) and on the software Go back to main button
is clicked
6. In the main utilities window, go to energy is clicked and the energy for our specific element of
interest is entered manually. This value is usually greater than the edge energy value
7. When the monochromator stops rotating, the Gate valve is opened by pressing on the monitor
screen and the input values for our scan are given.
8. Now the optimize Io is selected and the Z position and pitch are made sure that they are nonzero five-digit numbers. The incremenet value is given as 100 and hit on go to see if the current
in the Keithley meter is increasing or not. We can go in the opposite direction too by decreasing
the values to maximize the current
9. The window on the first computer is closed by hitting on back to main and the go button is
clicked next to the Grating value to begin the scan
10. After the scan is completed, it directs you to a path and we can create a new folder in the
Dataparti (:C) drive with the date and name
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11. Copy a log.txt file from any of the other folders and save it in your folder by clearing the text
in it
12. The sample scan is now saved by its name and then log.txt file is selected
13. To begin another scan of the same sample but for another element, change the energy range
and optimize the current for every new scan and also change the slit widths if necessary
14. For rotating the sample holder to measure samples on the other side, close the gate valve 5 and
then rotate the black long knob in clock-wise direction and again adjust the position such that
the white light beam will fall on the center of the sample
15. After finishing all the measurements, close the gate valve 5 and all the shutters are closed one
by one from right to left. They are opened in the reverse order
16. The data collected can be processed in Athena simultaneously while performing the scans and
the change in the absorption edges is observed
F.3. UV Beamline
The 5-m toroidal grating beam line is used for collecting the photoemission spectra of
valence band of elements with energies around 25-200 eV. Similar to that of soft X-rays, the
samples are placed in an ultrahigh vacuum (UHV) chamber for these measurements to prevent the
absorption of UV rays by the air. There are three types of gratings present in the monochromator.
One for lower energy which ranges from 25-50 eV, second one ranges from 50-75 eV, and the
third one from 75-200 eV. For TiO2:Ni2+ thin film samples, lower monochromator grating was
employed for all the measurements on this beam line.
F.3.1. Sample Preparation
1. For powder samples, the samples are prepared on a double-sided carbon tape similar to that of
the soft-X-ray beamline
2. In the case of thin films, the thin film is mounted on the Tantalum sample holder and it is
screwed to the edges
3. In either case, the samples were first loaded into the load lock chamber and then transferred to
the analysis chamber
4. The base pressure of the analysis chamber was maintained at 10-9 Torr.
F.3.2. Equipment Design
1. The beamline is equipped with an ultrahigh vacuum chamber endstation, which has three
vacuum pumps: roughing, turbo, and ion pump
2. The roughing pump operates until 10-3 Torr and once the chamber reaches this pressure, the
turbo pump is turned on for 10-8 Torr. The ion pump, which is a Ti sublimation pump is then
turned on to reach 10-10 Torr base pressure
3. This chamber carries an Omicron EA 125 hemispherical electron energy analyzer with five
channel detector that analyzes the energies of photoelectrons excited by ultraviolet photons
dispersed by the beamline gratings or X-ray photons delivered by a DAR-400 dual Mg/Al Xray source resided on the chamber
4. UPS spectra were collected with a constant pass energy of 10 eV with varying photon energies.
The endstation was maintained at a base pressure of 10-10 Torr
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5. All the UPS spectra were acquired in normal emission geometry with a 45º incident angle to
the surface normal
6. The binding energies (BEs) were referenced with respect to the Fermi level of a gold foil in
electrical contact with the sample
F.3.3. Sample Measurement
1. All the shutters are closed till the beam is near the slit and it takes about 10 min to warm up
2. The shutters are slowly opened from left to right except for the Gate valve 5. The lab view
software is opened on the first computer and Matrix software is opened on the second one.
3. In the first computer, utilities are selected and then go to white light is chosen. We can see the
monochromator moving as the energy is changing to white energy
4. The sample inside the chamber is adjusted along the X, Y and Z axes by turning the respective
knobs that are outside the chamber and it is ensured that the white light beam hits the center of
the sample
5. In the main utilities window, go to energy is clicked and the energy for our specific element of
interest is entered manually. This value is usually greater than the edge energy value
6. When the monochromator stops rotating, the Gate valve is opened by pressing on the monitor
screen and the input values for our scan are given
7. The window on the first computer is closed by hitting on back to main and in the second
computer collect spectra is clicked to begin the scan. After the scan is completed, it directs you
to a path and we can create a new folder in the (:C) drive with the date and name
8. The sample scan is now saved by its name.txt file
9. To begin another scan of the same sample but for another element, change the energy range
and click spectra
10. After finishing all the measurements, close the gate valve 5 and all the shutters are closed one
by one from right to left
11. The data collected can be processed in Vernissage simultaneously while performing the scans
and the change in the energies is observed
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